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PREFACE

This report was prepared by the Laboratory for Inline Process Analysis, Kenneth E. Johnson
Research Center, University of Alabama in Huntsville, Huntsville, AL 35899 under Contract No.
F08635-89-C-0288, for the Air Force Engineering and Services Center (AFESC), Suite 2, 139
Bamnes Drive, Tyndall Air Force Base, Florida 32403-5319. The work was performed between
May 1989 and March 1991. The AFESC project officer was Bruce Nielsen.

This final report describes a database that supports the development, engineering and
manufacturing of dependable chemical sensors which include fiber-optics in the design and which
are suitable for use in the field by technicians. Inexperienced investigators using the database can
start with the state of the art rather than starting over each time a requirement for a new chemical
sensor is established. The expectations are shorter development times and reduced development
and engineering cost.

This technical report has been reviewed by the Public Affairs Office (PA) and is releasable to the
National Technical Information Service, where it will be available to the general public, including
foreign nationals.
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SECTION |

INTRODUCTION

A. OBJECTIVES

The goal for this research effort was a database that supports the development,
engineering and manufacturing of dependable chemical sensors which include fiber optics in the
design and which are suitable for use in the field by technicians. Inexperienced investigators
using the database can start with the state of the art rather than starting over each time a

requirement for a new chemical sensor is established. The expectations are shorter development

times and reducea development and engineering cost.

B. BACKGROUND

1. General Histor:

The ueed for increased communication system capacity at reduced cost per
message unit has spurred the development and installation of hundreds of operating lightwave
commuaication systems around ti.e world. Compared to wire systems, optical fiber transmission
systems operate with less euergy ver unit-message unit-mile, lower signal attenuation per unit
(distance, higher bandwidth for increased signal capacity, lower shock hazard, less influence from
spurious radiation, smaller size, less weight, and many other advantages. These advantages have

encouraged improvements in light sources; optical fibers, cables, and connectors; photodetectors;

dispersion devices, for example small gratings; graded index lens; and multiplexers.

The availability of new and improved optical components has enabled significant
progress toward the development of photonic sensors employing fiber optics. These sensors can
detect acoustic and magnetic fields, temperature, pressure, liquid level, and many other
parameters. Department of Defense researchers have developed many effective devices that
have resulted in greater safety and efficiency aboard aircraft, on navy vessels, and sensors for

under water detection. The Army has developed missiles guided by optical fiber communication

channels.




Analytical chemists, particularly spectroscopists, recognized the potential
applications of these optical developments. Optrodes (optical electrodes) at the end of optical
fibers to be used for chemical analyses were described. An ecily applization at Oak Ridge
National Laboratories (ORNL) was related to the use of quartz fibers to carry optical signals for
spectroscopic measurements to and from solutions at high radiation levels which made
conveational sampling techniques impossible. The chemical composition (seven components) of
a precess stream was controlled in real time using a dedicated computer and eight filters rotating
at speeds of several cycles per second. Quartz fibers of the high=st purity were required for this
application because impurities in the quartz cause radiation damage to the fiber which results in
signal atttenuation. This example of process control using small quantities of fibers preceded th.
building of facilities to manufacture the larger quantities of fiber required to support the
telecommunication devices. Today pure quartz fibers are very important to the modem

telecommunication industry.

Subsequent adaptations of spectrophotometry for remote in situ analyses have
revoluticnized processes for the production of many chemicals. Real-time analyses replace the
time-corsuming practice of collecting a sample, taking it to the laboratory, and waiting for the
analyses. Muiticomponent analyses of production processes for major constituents and some

minor components are well developed techniques.

Dr. Tomas Hirschfeld and associates at the Lawrence Livermore National
Laboratories (LLNL) began the development of a class of fiber optic chemical sensors
designated as FOCS. FOCS were characterized as small chemical laboratories placed at the ead
of an optical fiber. The optical fiber was used to observe a color change, chemical precipitation,
or an absorption of a new chemical species as a chemical reaction occurred. The varicus
chemical reactions occurred in small ampules on the end of the fiber or in a modified cladding
pvovided on a short section near the end of the fiber. A creative and well-executed research
program demonstrated the feasibility of chemical selectivity and deteciion of minor and trace
components. The LLNL work is documented in internal reports, patents, and abstracts of talks
at professional meetings. Relatively few publications, however, are found in technical journals.

Technology transfer from LINL preceeded along two paths. License rights were negotiated

2




with several companies. A smaller portion of the work was pursued by the Environmental

System Laboratories at Las Vegas (EMSL/LV).

Commercial activities split primarily into two groups; one group was interested in
process development in chemical manufacturing, and a secoad group was interested in "sticks”
(small needle devices that can be placed in the body to make jn situ measurements). The
companies interested in chemical processing have reported increase productivity through the use
of proprietary devices. However, the activity is within the company as an engineering and

service activity. A small number of corapanies have introduced packaged instruments on the

market.

A separate approach was taken by Mr. David LeFebre when he founded Guided
Wave Inc., El Dorado Hills, California. He recognized the need for a spectrophotomeisr that
supported fiber resecarch and established a company with the objective of developing,
manufacturing and distributing a spectrophotometer. Most of the photonic sensor systems
developed within the chemical manufacturing industry are believed to use the Guided Wave

spectrophotometers as a component of the system.

In 1986 The University of Alabama in Huntsville, UAH, organized the Center for
Applied Optics. Dr. John Caufield was selected as the first director. Dr. Caufield had been a
professional associate of Dr. Tomas Hirschfeld at Block Engineering during the development of
the Fourier Transform infrared (FTIR) Spectrophotomctc;. The first cooperative effort between
Dr. Caufield and Dr. Arendale, UAH Professor of Chemistry, was a small coniract, Dr. Arendale
as Principal Investigator, with Dr. Bemie Bulkin at Standard Oil Co., Cleveland Ohio. Dr.
Hirschfeld had recently died of a heart attack. The work stateraent provided for review and
documentation of technology related to fiber optic sensors for measurement of chemical
analytes. To aid in this work, Dr. Stan Klainer, a third colleague of Dr. Hirschfeld and Dr.
Caufield, was employed as a subcontractor on the program. Dr. Stan Klainer was operating as
ST&E in Livermore, California and also had contracts at LLNL. Dr. Arendale was serving as a

consultant with United Space Boosters, Inc., in Huntsviile Alabama. USBI, Inc. is a division of



United Technologies Inc. The United Technologies Research Center has an outstanding fiber

optics program. The union of these four approaches was expected to have great promise.

A decision was made by Standard Oil not to extend the effort with the University
of Alabama in Huntsville Center of Applied Optics to include the development of improved new
sensors. Principal stumbling blocks were disagreements on proprietary and patent rights. A
major problem was identification of the property of ST&E vs LLNL. ST&E was formed to
manage the activities of Dr. Hirschfeld and Dr. Klainer separate form their activities at LLNL.
Although Dr. Klainer was appointed an Adjunct Scientist in the Center of Applied Optics, he did
not wish to accept the University's patent policy. The work of Dr. Klainer and Dr. Arendale

separated at this point.

The technical report and the UAH proposa’ to Standard Gil Company prepared by
Dr. Arendale were not widely distributed. These document summarize the state of the art that
existed in late 1986 when the proposal which resulted in this Air Force contract was prepared.
Selected portions from these two documents have been reproduced as APPENDIX A of this

report.
2. Contract Work Statement

The Laboratory for Inline Process Analyses of the University of Alabama in
Huntsville initiated research under contract F08635-89-C-0288 8 July, 1989 to develop
"Advanced FOCS Sensors." Objectives of the effort were as follows: The first phase was to
develop FOCS design data bases. The second phase was to determine design parameters and
functions, such as Beer's Law, for the design of aromatic hydrocarbon FOCS. The design
parameters and databases were to be organized such that they can be readily updated and utilized
for developing FOCS for new analytes. The third phase was to consist of laboratory
verifications of models using optical components. Phase IV provided for breadboard
constructions and testing of FOCS using design databases and models. The final phase was the
development of specifications for one or more prototype instruments based on the tested

breadboards.




C. APPROACH

This research program was divided into five parts. The initial efforts were related to the
collection and critiques of available literature references. The Principal Investigator's collection
of references and reprints was augmented with additional references using the literature base of
the Redstone Scientific luformation Center. The references were coilected into an intelligent
database using askSam, a computer program from askSam Systems, Iac. At this point, critique
of the references was the basis for selection of theory applicable to the research effort. A
decision was made to investigate all classes of chemical sensors which include fiber optics in the
design rather than limit the investigation to FOCS. Laboratory experiments were performed to
validate that the selected theory was applicable. Selected components were collected and tested
as breadboard configurations. Based on these experiences, recommendations were formulated
for specifications that can be used for the procurement of environmental monitoring systems

which include fiber optics.
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SECTION I

DATABASE

The initial task was to organize the available data (several hundred publications collected
by Professor Arendale) into a database that could be made available to a larger community. The
collection had become so large and was growing so fast that personal memory was no longer
practical as a guide to searches. A search was made for methods for organizing and searching
the references to meet the objectives for this contract.  Placing the informaticn in a

computerized database was an easy decision.

A. CHOICE OF SOFTWARE FOR PREPARING THE DATABASE

The contract requirement for the Data Base/Computer software product is:

The tabular data shall be produced in 3 MS-DOS text file format, with
only ASCII printable characters and blanks in the text. The data shall
have the text positions of the fields defined in a fixed format to allow its
importation into file management programs both in the microcomputer
and the minicomputer (DBASE, FORTRAN, BASIC, and C are presently

egvisioned).

The files are to be delivered in the MS-DOS 360K 5 1/4 inch floppy disk
format. Files that are too large for a single disk shall be partitioned into
several files capable of fitting on the media, rather than using the
MS-DOS backup and restore facilities (prevents compatibility problems
with different versions of MS-DOS).

Since FORTRAN, BASIC, and C programs can be written to read an ASCII file of known
format, limitations to format contained in the work statement are specified by the dBASE
requirement. The dBASE format is almost a de facto standard for spreadsheet and database
programs. Therefore, a prime software requirement was the capability to import and expon

dBASE files. This requirement did not eliminate any program that was seriously considered.




DATA JUNCTION, software licensed by Tools & Technology Inc., Austin, Texas came to our
attention. This software converts files from the format of all the higher sales volume database
and spreadsheet software to other supported formats. The sciware is sufticiently well
recognized that a new company will often make arrangements to be included in the list of

programs supported as a means of making market penetration.

The software chosea for in-house work was askSam, a program developed by Seaside
Software, Inc, now askSam Systems Inc., Perry, Florida. askSam is a free-form information
manager. A few basic elements of structure can be used to create 2 highly structured database,
or a word-wrapped, scrollable textbase. Information is broken dowa into files, which are broken
into documents and/or records which may contain textual information and fielded data. askSam
accepts assorted data types, from simple words to scientific notation, and from: structured fields

to unstructured text. These features were combined to produce an intelligent database with

elements of artificial intelligence, Al.

B. DESCRIPTION OF askSam AS RELATED TO CONTRACT OBJECTIVES

askSam is a unique product that combines the features of s database management system
and s~me of the features of a text editor or word processor. Unlike other database management
systems, askSam handles structured as well as unstructured data. Unlike word processors,
askSam handles highly structured data. askSam can be used as both a database manager ard a
free-form information manager. With askSam, you enter and stcre free-form text, then write
short programs to retrieve the organized information you want, With askSam you do not have to
anticipate what you need to include in your information base. The information is written in a
way that makes the most sense to you, using the words you want, anywhere on the screen. With
askSam, you can retrieve single characters, multiple words, or eatire documents. You can do
Boolean searches, arithmetic, logical, date and time comparisons. askSam includes the

pecessary programming features that it can be used as a complete database applications

development tool.




1. Description of "METHOD?" File

For some reason, now forgotten, the database file for this collection of reprints
and Xerox copies was called "METHOD". Figure 1 is a reproduction of the screen that shows
the record for a selected reprint. At the top of the screen are the operations which can be
performed. Choosing UPDATE DOCUMENT would start the program editor word processor,
to allow changes in the recorded material. Other commands permit the scanning forward or

backward through the records in the file, and the selection or making of records.

Below the line is the record for a document. T ¢ search engine can be used in
case-sensitive mode. Therefore, information can be coded by the use or case as well as form.
The @JOURNAL statement was placed at the beginning of this record in upper case as a marker
to be used when programming searches and printouts. When printing bibliographies, different
forms are used for books, journals, and correspondence. If a bibliography were being printed
and a search had hit on this record, then the record would be searched for @JOURNAL to
determine how to format the reference. If @ BOOK was found a diffecent format would be
used. The npext field is No[. Selecting the sequence by which references are to be filed in an
open-ended file is difficult. With askSam, each reprint is filed in a separate folder and folders
are numbered in consecutive order. As the typist processes a reprint, it is put intv the next file
folder. Before computerization of this collection of material, somne manual sorting had been
conducted. To maintain this information for individuals familiar with the collection of reprints,
each of the parts of the collection was assigned a number using the first digit of the four-digit

number,

The AU field is for the author names. The search routine does not require this
field identification, but the field identifier can be used as any other combination of letters. The
writing of programs for printouts is simplified using field identifications. The fixed field
formats are stored in templates. Entry of information is made faster by using a macro command
10 add a template to the screen so that data is always entered on the same line. TI[ is title. Note
that the titles are typed with key words beginning with capital letters. The abstract may also
contain these same words, but the words would be in lower case. Therefore, abstracts and titles
can be searched separately with false drops occurring only when a word is capitalized because it
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is the first word in a sentence in the abstract. JN[ represents journal. By consistently entering a
journal in the same format, a search can be made for all articles in the database appearing in a
selected journal. A search could also be made for all publications in a given year by a selected
author. VO, IS[, and PG[ are for volume, issue, and pages. The AIS entry in the IS[ field is a
code that this information was missing at the time this entry was made. As we refined the

database, a search for these codes was used to make a list to be taken to the library.

KEY] is for key words. These were entered in upper case. A list of key words is
shown as Table 1. This particular list of keywords represents the Principal Investigator's, Pl's,
initial interests at the time the entries were assigned. The keywords are entered in upper case to
allow searches by keywords. Since each record can be edited as desired, new key words can be
added as information is obtained to indicate that a new keyword is desirable. The Principal
Investigatcr uses key words to allow retrieval of groups of documents. For an example, a key
word is added so that all references used in a paper or report can be retrieved. Since the
keywords are in upper case, it is possible to search for a word and select that it should occur in
the title, the abstract, or as a keyword. The switch on the search can also be set to ignore case
doing the search and report any occurrence of the word as all caps, caps and lower case, or lower
case. ABS[ contains the abstract. Although this feature is extremely useful it does not appear in
the project database. This type field, variable length, is not easily adaptable to dBASE format.
Distributing abstracts may also violate copyrights of some journals. This feature was extremely
useful and time-saving as we searched the database for the selection of theory applicable to this

research project and as we planned the experiments for validation of the theory.

2. Early Observations

As the papers were sorted and notations made for the word processors, some

observations were obvious. An example would be Figure 2.

This illustration, or an adaptation, occurs in many publications. Although it
gives a conceptual idea of the equipment/used, details of the actual equipment were not given.
The Principal Investigator saw a model on a visit to LLNL and made some notes, but these notes
were of little use when we started our work on validation of theory.
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TABLE 1. KEYWORDS USED IN "METHOD" DATABASE
(COUNT Or REFERENCES SHOWN IN PARENTHESES)

1000 SOFTWARE ALGORITHMS (201)

1. PLS (12) 7. SIMCA (10)  13. Al 6))
2. FACTOR (70) 8. SVD (8)  14. CORRELATION (10)
3. TARGET (13) 9. SIGNAL (25)  15. DECONVOLUTION (11)

. 4. REGRESSION (12)  10.KUBELKA-MUNK (0)  16. TIME_RESOLVE 1))
S. LEAST_ SQUARE  (18) 11.EQUILIBRIUM (15  17. PATTERN ©)
6. THEORY (69)  12. DERIVATIVE (10)

2000 SPECTROSCOPIC PROCEDURES (185)

1. ABSORBANCE  (14) 7. NR (49) 13. HADAMARD @
2. RAMAN (47) 8. MIDIR (48) 14. EMISSION )
3. DIFFUSE @4s) 9.PH 0] 15. FOURIER (19)
4. FOCS (39)  10. MATH ) 16. DIODE_ARRAY  (6)
5. uv (38) 11. ATR (20) 17. MICROSCOPY (1)
6. VISIBLE (13) 12 FIGURE (13)

3000 LUMINESCENCE (138)

1. FLUORESCENCE (73) 5. FLOW () 9. TABLE 8]
2. RESONANCE_RAMAN (11) 6. LASER (20)  10. DRAW (%)
3. SUBSTRATE (m 7. MEMBRANE (8)  11.EQUATION ®
4. WAVEGUIDE (6) 8. PHASE (4  12.SERS @)
4000 WAVEGUIDE PROBES (11)

1. ATR 16) 4. FLAT (10)

2. HOLLOW  (11) s. ROUND @

3. FIBER (48)
5000 ANALYTIC CHARACTERISTICS (1)

1. AROMATICS () 2 BENZENE (0) 3.EOSINB (0)
6000 COMPONENTS (151)

1. GENERAL (119) 4. MONO-SOURCE (@)

2. PROPERTY (0) : S. DETECTORS (12)

3. LED ) 6. MONOCHROMATORS ™

7000 MICROSENSNRS (12)
1. ELECTRONICS 1

8000 GTDR (3)

1. STANDARD (1) 2. DISTRIBUTED (1)

12




Coupler/Decoupler

Figure 2. Apparatus for FOCS Implementation

Dr. Hirschfeld was a prolific publisher; a list that was compiled shortly after his
death showed over 700 publications with approximately 50 publication related to FOCS. There
are few refereed publications in the FOCS group. Also there is a very high ratio of patent
applications compared to the other areas of Dr. Hirschfeld's research interests. Early patents
were assigned to LLNL. Latter patents were assigned almost randomly: one was assigned to
Mr. Myron Block, his former employer at Block Engineering, one with Dr. David Honig and Dr.
Hiefje to Indiana University Foundation, and one to the University of Washington, Center for
Process Analytical Chemistry. Dr. Hirschfeld was a respected scientist. He gave exciting and
optimistic talks describing the future of FOCS. As an investigator in the field it became
imperative to attend symposia arranged for by FACSS, PITTCOM, SPIE and ACS to learn of
the advances in the state-of-the-art. An experimenter talking with other attendees was aware that

there was extensive activity.

Most frustrating to the objectives of this project is to attend meetings and to meet
with old acquaintances and to hear that they are involved in patent infringement lawsuits which
are preventing the introduction of products on the market. On the other hand, industries which
have in-house staffs that can develop equipment and who do not plan to market instrument

systems are using photonic seasors with favorable results to solve problems and increase profits.
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C. THE COUNCIL FOR INFRARED SPECTROSCOPY DATABASE

The Council For Near Infrared Spectroscopy maintains a database available at $700 or at
a discount price to members. This group has used PC-File software, Buttonware, Inc. shareware.
Current purchasers of this database receive a licensed copy of PC-FILE 5.0. The database is
distributed in four parts:

1. 1905 - 87 (1499 hits)

2. 1987 - 88 (558 hits)

3. 1988 - 89 (314 hits)

4. 1989 - 90 (Search in progress)
This database grew from the searches made by Professor W. Fred McClure, North Carolina State
University, Raleigh, North Carolina. Professor McClure's primary interest was agricultural
products. His technical interest was the use of Fourier Transform. For most of his work, he

applied chemometric procedures to the interferograms as obtained rather than the transform.

Professor McClure was active in the formation of the Council of Near Infrared
Spectroscopists. Recently this group became more closely affiliated with the International
Committee on NIRS. In addition to the database, the group sponsors both national and
international meetings as well as short courses and symposia. It also participates in the

publication of books.

The database has always used Buttonware software. PC-FILE started as
shareware. PC-FILE 5.0 is a respected product. The files are compatible with dBASE. Dr.
Arendale purchased the first 1400 references from Professor McClure. After the database was
adopted as a CNIRS project, several companies made donations to the cost of the searches. Key

words have been added and several individuals have supported Dr. McClure.

CNIRS is associated with the Society of American Spectroscopists, SAS. SAS
includes many associated groups. The ASTM Subcommittee E-13.09 on Fiber Optics in

Molecular Spectroscopy meets each year at FACSS and Pittcom.

Newcomers to the field of fiber optic chemical sensors should consider

participation with CNIRS.
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SECTION III

THEORY

Qualitative ideas related to the development of satisfactory FOCS and photonic sensors
were developed as the documents were coded and collected into the Database. The second task
was to select applicable theory as related to the publications, related information, and
experience. A review of optics literature and procedures was first. The second subject was
spectroscopic instrumentation. The third area was related to methods for handling weak signals

and the problems related to signal/noise ratio.
A. REVIEW OF APPLICABLE OPTICS THEORY

Arendale and Jeffrreys (1) at the University of Alabama in Huntsville Research Institute
in 1967 conduct=d an experimental study related to reflected energy from laser illuminated
targets under U.S. Army Grant DA-ARO-D-31-124-12761. The University of Alabama in
Huntsville was one of the first institutions to become active in the study of remote spectroscopy

and spectroradiometry.

Measurement of the characteristics of scattered radiation can provide significant

information about a surface.
1. Retlection of Radiation From a Nonabsorbing Surface

The first consideration in the study of reflected energy from a particular surface
must be an evaluation of the general reflection characteristics. Most texts on illumination
engineering recognize two extremes of reflected energy, specular represented by (A) and
Labertian represented by (B) in Figure 3. If a surface is polished (microscopically smooth) it
reflects; that is, the angle between the reflected ray and the normal to the surface will equal the
angle between the incident ray and the normal. A perfectly reflecting surface, will reflect all of
the energy with the same angular dispersion as the incident beam. If a material has a rough
surface or is composed of minute crystals or pigmented particles, the reflection is diffuse.
Individual rays obey the laws of specular reflection; but, since the surface is rough or the

particles may be in different planes or different orientations, the light is reflected in all possible

15
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Figure 3. Patterns For Reflected Light Rays

directions. A Labertian surface is defined as a surface where the intensity of reflected energy is
independent of the angle of observation. Lambert's Law (based on many observations and not

theory) can be stated:

I, =1,cos8 cosy
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where I is the intensity of the radiation at normal incidence, 6 is ihe angle of incidence, and y
is the angle of observation. Mary combinations of specular and diffuse radiation are observed

from real surfaces. Four frequently obseived patterns are shown in Figure 3. as C, D, E, and F.

Much work has beean done, particularly by illumination engineers to describe the
intensity of radiation from a surface under various lighting conditions. Also, many references
can be found to studies of polarization upon specular reflection. Fresnel's formulas for the
reflection of polarized radiation can be found in most textbooks on optics. Althcugh these
theories are applicable to reflection spectroscopy and spectroradiometry, applications to seasors

related to aquifers is limited. Therefore, further review is not included in this report.
2. Effect of an Absorbing Film on a Reflecting Surface

Whean the reflecting surface absorbs radiation at a given frequency, or if an
absorbing thin film covers the surface, the chemical composition can often be identified. The
use of polarized monochromatic radiation (obtained from monochromators) to measure the index
of refraction and the absorption coefficient of thin films is an important scientific tool.
Chemical analyses by spectroradiometry and reflection spectrophotometry have become

important tools available to the material scientist.
3. Absorption by Transparent Substances

When monochromatic light is passed through an absorbing medium with the
incident collimated beam normal to the surface, the intensity of the ray decreases exporentially.

This phenomena freguently follows the Beer - Lambert Law:
A=Llogil, = ECL

where A is the absorptivity, Iis the intensity of light passing through the sample, I is the
original intensity, E is the absorptivity coefficient, C is the concentration expressed in
moles/liter, and L is the path length. Spectrophotometry is a well-developed science.

Instrument manufactures compete to incorporate advancing technologies.
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4. Reflection and Refraction of a Beamy

When a ray traveling in a low index of refraction medium strikes a non opague
surface of higher index of refraction, some of the light is reflected and some of the light is

refracted. This condition is represeated in Figure 4.

Wavefront

Reflected ny

Refracted ny

Figure 4. Reflection and Refraction at Air - Water Interface

n-‘r < nv-
0, and 0, represent the angle of incidence and the angle of reflection. 8, is the angle of

refraction. All angles are measured from the normal to the surface. The laws goveming

reflection and refraction can easily be found from experimentation.

1. The reflected and refracted rays lie in the plane formed by the incident ray and

the normal to the surface at the point of incidence.
2. For reflection: 6 [ = 6,

3. For refraction, sin 8,/sin 8, = n,, where n,, is a constant called the index of
refraction.  The index of refraction of one medium with respect to another varies with
wavelength. Because of this fact, refraction, unlike reflectiun, can be used 1o analyze a beam of
light into its component wavelengths. The Laws of Reflection and Refraction can be derived

from Maxwell's equations. These laws should hold for all regions of the electromagnetic

spectrum.

18



The path of a beam traveling in a higher index of refraction medium passingto a

medium of lower index of refraction is shown in Figure 5.

Figure 5. Total Internal Reflection

As the angle of incidence, 6, is increased, a situation is reached (see ray e) at which the refracted
ray points along the surface, the angle of refraction being 90°. For angles of incidence larger
than this "critical angle”, no refracted ray exists, giving rise to a phenomenon called total

internal reflection. The critical angle is found by putting 8, = 90° in the law of refraction.

n,sin6, = n,sin 90°
s$in@, = n/n,

Total intemal reflection does not occur when the ray originates in the medium of lower index of

refraction.

5. Multiple Total Internal Reflections

If a ray enters a nonabsorbing rod at an angle greater than the critical angle then the

ray can pass through the rod without attenuation. This condition is represented in Figure 6.
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ACCEPTANCE
CONE

Figure 6. Ray Transmission by Total Internal Reflection
The acceptance angle is defined by the critical angie. The numerical aperture, NA, is calculated
by the following formula

NA =sin8= \n?-n}?
n,>n,

The cone of light exiting the other end of the rod will be defined by a similar cone. If the
entrance cone is smaller than the acceptance cone, the exit cone will usually fill the full cone. If

there are bends in the fiber there will be energy losses to the cladding as shown in Figure 7.

0>8,
6' <6,

Figure 7. Losses Due to Bend in Fiber

The losses to the cladding represent loss of signal and the cladding modes also perturb the signal.
If the cladding modes carry a high percenteage of the energy, the exit cone can appear as a
doughnut. Frequently the cladding is removed for a short distance before the detector so that

only core radiation reaches the detector.




6. Conclusion

Fiber acceptable for remote spectroscopy must be carefully selected. Some flaws

that are undesirable are shown in Figure 8.

MICROBEND
IRREGULAR
END FINISH
2 b
7 ! N\
IMPURITY DENSITY
BUBBLE (ABSORPTION) CHANGE
(SCATTERING)

Figure 8. Losses in a Fiber

These flaws must be eliminated from fiber used fo: photonic sensors and from
transmissi~1 Jines to or from a sensor. Absorbing impurities reduce the length of fiber that can
be used. Small particles in a fiber cause scattering. Fiber manufacturing has improved so that
quartz fibers are available from many manufacturers. There is not a single quantz fiber that can
transmit in the complete range of interest to spectroscopists. A fiber containing residual
hydroxyl, OR, groups is required if the region in the ultraviolet from 190 to 250 nanometers is
important. For spectroscopy in the near infrared regicn, NIR, all hydroxyl groups must be
removed from the silica. There is a hydroxyl absorption band in the second overtone region at

approximately 1450 nanometers that is extremely difficult to eliminate.

Probably the single most important parameter related to the performance of
optical fibers is the surface between the core and the cladding. If the silica fiber comes in
contact with moisture in the air as it leaves the drawing furnace, small cracks form. These
cracks reduce tensile strength and decrease signal strength. Fiber is drawn in a moisture free
inert atmosphere. The lower index of refraction required for the cladding is often obtained by
drawing the fiber into a fluorine atmosphere. This not only removes the OH groups by reaction,

but the fluorine diffuses into the quartz providing the desired lower index of refraction coating

21




that serves as the defining cladding. To prevent the penctration of moisture that wouid cause
microcracks which would result in attenuation of signal and low tensile strength in the fiber a

buffer is usually added. Polymer coatings, usually proprietary to each manufacturer, are added.

Microbends divert signal energy into cladding modes. Many excellent sensors for

measuring microstrain have used this feature. A simple strain sensor is shown in Figure 9.

Figure 9. Microstraio Sensor

The attenuation of signal due to microbends represents an almost uncontrollable loss of signal in
optical fibers used to connect sensors to the light source and detector. Better precision is

obtained whea the fiber is supported by cabling. One cable is shown in Figure 10.

Figure 10. A Complete Cable

The use of uncabled fiber for experiments reported in the literature was judged to

be a major factor that prevents reproducibility by other laboratories. When uncabled fiber is

22




used, the fiber should be supported in a fixed position and the sample carried to the fiber. The

uncabled fiber should not b+ moved from sample to sample.

Guided Wave, Inc. manufactures fiber, cables, and has be a vested interest in
successful applications of the spectrophotometers that they manufacture. The Laboratory for
Inline Process Analyses was one of the initial customers to use the Guided Wave, Inc.
spectrophotometers for chemical analyses. The Laboratory instrument and cables have been
updated frequently as improvements were made. Since fiber and cables, possibly the best
obtainable, were avaiiable for this experimental program, fibers from other manufactures were
not tested except as sensors. The resources from this contract were used to evaluate other
components of the desired system. Procedures recommended by Guided Wave, Inc.

representatives were used.

B. REVIEW OF SPECTROSCOPIC TECHNIQUES

Telecommunication networks use lasers at a single frequency for each channel of
information. Many frequencies can be passed over a single fiber optic c2ble at the same time
without interference. Although lasers have been developed for many frequencies, the number is
small compared to the absorption features for molecules. To use these lasers as energy sources,
the spectroscopist would be limited in the number of molecules that could be observed. The
spectroscopist prefers to use white light, which contains all frequencies, since each molecule has
a distinciive absorption pattern that is as singular to the molecule as finger prints are to humans.
In theory, a spectroscopist could identify as many different chemical species as the number of
wavelengths that are recorded.  This is one reason that spectroscopy is so powerful as an
analytical tool. Figure 11 shows the type of information that can be obtained by ¢pectroscopists

in several regions of the electromagnetic spectrum.
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Wavelength(nm) 10 100 1000 1000 100 10 .01

Wavelength 10000 105 10¢
(cm)
Far Middle Near Near Far  Soft Hard
Spectral region Mic .wvaves Infrared Visible Ultraviolet X-ray
Characteristic Molecular rotation  Molecular  Intramolecu-  Excitation of Electronic excitat
process excited In  in gases rotations larvibration  electrons as v of innershell in
region . in gases,  inliquid, incresses plus stoms
inter- solids plus intnmolecular
molecular  rotations in vibrstion and
vibrations in gases rotations
solids liquids
Character- Pure rotational lines  Rotational- vibntional
istics spectrum lines in gases and bands in
liquids and solids
kJ mol! 0.12 11.96 11.96 1.196<10°

Energy of traunsiton
(eV mol*) 124 x 10 0.12 124 1240

Figure 11. Interaction of Molecules With Electromagnetic Energy
1. Absorption Spectroscopy

Absorption spectrophotometry is the measurement of the attenuation of a beam of
light as it passes through an absorbing medium. Spectroscopy is usually characterized by the
wavelength of the illuminating electromagnetic energy. One division is ultraviolet, UV,
spectroscopy covers the region from 190 to 400 nanometrs, visible, VIS, 400 to 900 nanometers,
the near infrared, NIR, 900 to 1600 nanometers, the infrared from 1600 to 2500 nanometers, and
the far infrared the region to 40 microns. With new types of sources and detectors being
announced almost daily, (here is vigorous competition between spectrophotometer
manufacturers. Research has passed from the design of stronger sources to the design of
attenuators to protect some of the newer more sensitive detectors from saturation. These
developments are causing major redirection in research efforts. The availability of stronger
signals and more sencitive detectors has decreased the observation times from hours to
milliseconds. It would be impossible to take advantage of these technological improvements if

there were not parallel developments in computer technology.
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The advancement in peiformance of sources and detectors, has made possible a
decrease in instrument size. As recently as 5 years ago a spectrophotometer occupied its own
air-conditioned room. The base was isolated from room vibrations. Today spectrophotometers
are being packaged in units that can be carmried by one person. The instruments are being placed
in stressed cases and the ﬁ:anufacturers claim they can be dropped from reasonable heights

without damage. These instruments can be carried into the field under harsh environments.
2. Scattering of Radiation

Many types of scattered radiation can be used for the quantitization of analytes.
Luminescence spectrophotometry includes the phenomena of fluorescence and phosphorescence.
The earliest investigations were limited to ultraviolet excitation. The higher energy photons
obtained from hydrogen lamps and arc sources were required for the quantum excitation of
electrons. The observations were usually limited to aromatic molecules or molecules with
conjugated unsaturation. The stronger sources and more sensitive detectors available today have
increased the working range and the number of molecules that can be observed. Since this is a
scattering phenomenon the signal is usually obtained at right angles to the exciting beam. When
a molecule absorbs the energy of the exciting radiation, it passes into an excited state. Each
excited state has a characteristic stability. From some molecules, the photon is released
immediately; for others the emission is delayed. Measuring the decay time is the basis for time
resolved fluorescence or phosphorescence. These measurements depend on pulsed radiation and

measuring decay times.

An important spectroscopy related to scattered radiation is Raman spectroscopy.
When a molecule is irradiated, it enters a virtual excited state. Energy can be absorbed by many
energy levels and released at different wavelengths as the molecule drops to other energy levels.
The energy of the virtual state is sufficient that vibrational energy levels are involved. Raman
spectroscopy is synergistic with mid-IR spectroscopy. Raman spectroscopy can take advantage
of sources apd detectors in the near UV, visible, and NIR. The Raman signal is the weakest of
the scattered signals described for a given number of molecules. Raman spectroscopy has
probably benefited more than any spectroscopy from the availability of the pewer high-energy

lasers that fumnish the monochromatic energy required. Raman spectroscopy also can take
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advantage of the new, very sensitive detectors in the 700 nanometer range. The largest
improvement in Raman instrumentation design is the availability of holographic edge filters that
eliminate the aeed for long path length and double monochromators to filter out the exciting
radiation that scatters and masks the Raman signal. Over the past 10 years, observation times for
Raman spectroscopy have dropped from hours (sometimes 24 hours) to milliseconds. A
resurgence of interest in Raman spectroscopy occurred when the first lasers became available to
replace the arc lamp. Until recently, however, the instruments were still very large and <ooling
water was required. One investigator, Dr. Mike Carrabba, EIC, Inc. is predicting that he will
have a Raman spectrometer that can be carried as a backpack into the field within the next 2 or 3

years.
3. Conclusions

The Guided Wave, Inc. Spectrophotometer availahle in the laboratery was
considered adequate to support the research effort related to sensors and using single optical
fibers. Resources provided by this contract were not used to evaluate alterpate design of

spectrophotometers as the literature review did not provide descriptions of superior performance.
C. REVIEW OF CHEMOMETRIC TECHNIQUES

Most instruments today use a computer to supervise routine operations that previously
required the presence of a technician. Today a laboratory microcomputer can accomplish tasks
that once required a mainframe computer. When the decision is made to use a computer for
routine operations and a computer is dedicated to an instrument there are significant blocks of
time when the computer is waiting for the timer to indicate that the next operation is to be
performed. This time can be used for calculations. These considerations have led to the
development of real-time instrumentation. The measurements no longer require an attendant,
and the answer for the quantitization of an analytes are immediately available. This information
can be used to control an industrial process or to sound an alarm that a chemical is leaking into

the environment.
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1. Removiag Noise From Low Signal/Noise Spectra

A major problem with photonic sensors is the low signal/noise recordings that are
obtained. When analog signals are recorded, the mass of the recorder pens or the gauge smooths
the signal. Resistance-capacitance filters can also be used. When computers are used, discrete
values are recorded. Data are available only for the time periods when the analog to digital
conversions are made. As contrasted to analog recordings, no information is available
concs:ning what has happened in the time period between the points. The kuman eye and mind
can recogx;izc patterns. When the computer makes the conversion at a specified time, this may
also be a time at which a noise transient occurs. Two decisions are required: (1) How close
together wil! the points be and (2) how many replications of the conversion will be made so that
an average may better represent the instantaneous value without the associated noise. If the
noise is Gaussian aed enough measurements are taken, the noise will approach zero. When
recording spectra, the spectrocopist must chose between slow scans averaging many values as
the recording is made and taking points rapidly and adding several scans. The advartages of
each method will be described with the experimental data in the next section. The data must
always be smoothed. Again there are many different algorithms. Choice of the method for
recovery of true data from the noise may be the most important criteria when evaluating
instrumeantal methods. Two of the most widely used methods are Savitsky-Golay smoothing and

Fourier smoothing. There is no correct answer. Each data set must be evaluated on its merits.
2. Removal of Outliers and Interferents

When working with samples of unknown origin, substances not included in the
calibration or training set may be present as interferents. The developer of the method tries to
make the calibration as robust as possible. When working with whols spectra methods, the
nonfitting spectra are usually referred to as outliers. There are no absolute measurements.
Therefore, statistical methods are used to evaluate the uncertainty of the method. Descriptive
statistics methods are usually used for this purpose. The uncertainty is expressed as a function of
the distribution of the values of the measurement. The uncertainty of the measurement is usually
expressed as the standard deviation. A range of plus or minus two standard deviation includes

95 percent of thc observations. When greater assurance is required, additional determinations

27




are made and the values added. Developments in statistical evaluation have led to algorithms
where measurements are made at a number of points on either side of the desired measurement
and a trend analysis is performed. This is particularly valuable where peak heights are
measured. A small instrumental error treated as the abscissa can cause a large error in the
evaluation of an analyte. This has led to a group of methods referred to as whole spectrum

procedu-es. Instead of using only a few points in a spectrum, the entire spectrum is used.

3. Multivariate Statistics

One of the biggest advances in statistical methods has been the development of
multivariate statistics. The literature is full of references to such algorithms as PLS, partial least

squares. An incomplete enumeration of some of these methods is shown as Figure 12.

LEAST SQUARES FACTOR

KMATRIX SIMCA

REVERSE MATRIX CLUSTER

PCA PATTERN RECOGNITION
PLS-1 PLS-2

PCR

Figure 12. Listing of Multivariate Methods Available

These algorithms evaluate the variance-covariance matrix. A group of samples, is evaluated for
the largest source of variance. This variance is removed and then the next largest source of
variance is determined. These vectors are usually referred to as factors. These are mathematical
processes and often it is difficult to associate the abstract factors obtained from wvariance
measurements with causality. Malonowski (2) has described a method called target factor
analysis where the abstract vectors can be assigned with higher certainty. Powerful methods for
the detection of analytes are possible without rotation and/or translation of the abstract vectors

into recognizable real-world vectors.



4. Models

Reproduced as Appendix B is a discussion of the different types of models that
have been considered for this research effort. As will be described in the next section, we
depend heavily on statistical or empirical models. A statistical model can always be found that
fits a data set. The successful use of these models depends on the choice of the training or
calibration set. Any variable that may be found in real samples must vary in the training set. It
is not necessary to know the exact values. The major effort is placed on quantitization of the

analytes of interest. The calibration accuracy is reproduced in the unknown set.

5. Conclusions

Chemometrics is an interdisciplinary effort that combines statistics, computer
science, and chemistry. Academic administration often dictates that chemometrician are located
with the analytical chemists. The Principal Investigator, a spectroscopist by training, taught the
graduate analytical chemistry course in chemometrics at The University of Alabama in

Huntsville.

The conclusion reached by the Principal Investigator was that the available
spectrophotometers and fiber optic cables were adequate and represented the state of the art.
The major portion of the experimental effort should be concentraied on sensor designs. The
evaluation of the data would include as many of the available chemometrics computer

algorithms as resources permitted.
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SECTION IV

EXPERIMENTAL WORK TO VALIDATE THEORY

In SECTION III, THEORY, three areas of technology were evaluated as possible sources
of the delays that have been experienced in the maturation of FOCS technology. These areas
were optics, spectroscopy, and failure to incorporate advances in computer technology and new
software algorithms. The optical fibers and spectrophotometers available in the Laboratory for
Inline Process Analyses were judged adequate for the experimental evaluations related to
photonic sensors. The study of the literature did not indicate that chemometric techniques had
been used for data reduction. Experiments were conducted using selected photonic sensors

described in the database and multivariate analyses procedures were used during data reduction.

A. USE OF MULTIVARIATE ANALYSES

Multivariate analyses and/or analyses of variance methods have been recognized and
used for many years. The popular software product SPSS (Statistical Programs for the Social
Sciences) is now in the eleventh version. Nearly all of the algorithms used in the applications
software available for multivariate statistical evaluation of data, directly or indirectly, use the
variance~coyariance matrix. Therefore, the programs are searching for variance. The search
techniques are supported by statistical theory. The techniques isolate abstract factors. The
identification of the meaning of these abstract factors in the real world is the responsibility of the
user. Methods have been described for rotating the orthogonal axes so that the investigator may
have a better chance of recognizing the sources of variance. This remains a difficult problem in
the social sciences. First, the person being observed is often affected by the presence of the
observer. Second, the number of samples in the population is small. When these procedures are
used to discover sources of variation in the physical sciences, neither of these problems exists.
The experimenter can change the experimental conditions, but the presence of the experimenter
is not believed to charge the response of the molecules. The predominant theory in the physical
sciences, related to physical change, is the Kinetic Molecular Theory. A hypothesis of this
theory is that molecules can be described as statistical populations. Also, a mole of molecules
contains 10® molecules. Chemical systems should meet the assumptions of the statistical

procedures.
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1. Advances in Analytical Chemistry

Analytical chemists, who have available to them the most advanced
instrumentation can provide analyses for smaller samples and more dilute solutions than their
predecessors. Implementation of computer programs based on multivariate statistical algorithms
makes it possible to obtain reliable infcrmation from long data vectors that contain large
amounts of extraneous infcrmation, for example, noise and/or analytes for which there is no

requirement for control.

Today, data are obtained as the records of human observations and the digitized
output of many sensors. This raw data becomes useful information when it relates to the system
under observation. A highly useful technique is to relate the data to a MODEL. Several types
of models are described in APPENDIX B. For many individuals, a model that simulates the
process being monitored is the most useful. The minimum requirement for the model that we
seek is that it integrate the database of past experiences with the system and the data currently
being gathered and then to determine if the process is in the control region where observed
variations are normally distributed. The model should also predict the near future condition of
the system, and most importani, for manufacturing plants, the product should satisfy the

intended use.

Knowlzdge comes from confirmation of mental models that describe the past
and/or predict the future. This statement is the heart of the Total Quality Management, TQM,
movement in the Department of Defense and the Deming Method for quality. Dr. W. Edwards
Deming (3) recently defined knowledge:

A statemcn¢ conveys knowledge if it helps us to predict or to explain what
has happened in the past. Nor there is knowledge in that statement. There
are facts, of course. The dictionary is full of information. The number of
prime numbers less than 100 is a2 number. You can put them down and
count them. This is dictionary knowledge. It doesn't predict anything.

Knowledge means prediction or explanation of past events. Physics is
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knowledge. Chemistry (is knowledge). Science is knowledge because it
explains and predicts what will happen in the future under certain

conditions or explains what has happened in the past. I predict if I drop
this pen it will fall to the table. A prediction, it conveys knowledge.

Sometimes prediction carries with it a high degree of belief. Sometimes
extremely high as the statement about gravity that I just made. Associated
with any prediction is degree of belief. How strong do we belicve it. We
plan, make plans for today for tomorrow. We are predicting today. We

will find out later how good our prediction was.

There is no such thing as an absolute measurement.

.......

Science advances with the ability to measure. A significant portion of
engineering activity is related to measurement. The human desire to see further and further and
to see smaller and smaller objects drives advanced technology. Advances in technology have
resulted in many new types of instruments for use by the analytical chemist. The microscope
when combined with the FT-IR spectrophotometer or a Raman spectrophotometer allows
identification of particles as small as 10-'2 grams of a pure material embedded in the surface of a
different host. Using the hyphenated techniques such as GC-MS, LC-MS, GC-MS-MS, GC-UV,
and many others, concentrations of parts per trillion or less of analyte can be quantitated in
samples of microliters. Do these advances represent blessings or curses? At times those
individuals who are responsible for protocols with respect to litigable procedures and standards

may consider these advances as curses. Particularly, if the new measurements create new
paradigms.

When working with small quantities and concentrations that push the limits of
detection, the information is embedded in signals characterized by low signal-to-noise ratio.

This can lead to lack of understanding and difficulties in communicating with individuals who

hold to the tradition that a measurement can be made to an absolute standard. Many have not
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been introduced to the techniques of multivariate statistical analyses as provided to the analytical

chemist by Wold, Kawolski, Malinolski, Massart, Martens, and their many associates (4).

One example cf a problem where statistics plays an important role is the
quantitization of an analyte at low concentrations where the signal is obtained at poor

signal/noise ratio. Shown on Figure 13. are some of the required decisions.
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Figure 13. Statistics of the Blank vs the Statistics of the Analyte

For this example we show measurements on the blank containing no analyte and measurements
on the sample as being normally distributed. Plus or minus three standard deviations about the
means includes 99.9 percent of the measurements. For an enforceable litigable procedure, it is
necessary to set some minimum level of detection. If we are concerned about an environmental
pollutant, it is desirable to set the lowest possible limit for quantitization consistent with known
hazards. For such purposes, the limits of detection may be set at ten standard deviations for the
blank. Although this may be the best compromise for the litigable limit, it is of little use to the

plant technician who must prevent an analyte being added to a river or an aquifer.

2. Quantitization of Multiple Analytes

The Beer-Lambert relationship

A =1logln =ECL




where A is the absorptivity, I is the measured power after a collimated beam of light has passed
through an absorbing medium, I, is the power before any light has been absorbed or scattered, E,
is the molar absorptivity coefficient, C is the concentration of the analytz in moles/liter, and L. is
the path length is the basis for calibration of single analytes. A simplified absorption spectra of

three analytes is shown in Figure 14.
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Figure 14. Spectra of Three Analytes

%

Spectra for several mixtures of the three analytes are shown in Figure 15.
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Figure 15. Spectra for Mixtures of Three Analytes

Since the absorption peaks in the three analytes do not overlap, the spectrum of the mixture can

be analyzed for each component. The matrix equation for the absorptions is shown in Figure 16.
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Figure 16. K Matrix for Beer's Law

Compared to the Beer-Lambert Law equation given above, the matrix equation has been
simplified by assuming a constant path length or a path length of 1 centimeter, and combining E,
times L into the constant K The experimental problems relate to being sure the
spectrophotometer is setting at the correct wave length for the highest point on the absorption
peak and that there is no effect from noise. If the noise is Gaussian, with an equal number of
positive and negative noise signals being added to the desired signal, the effect of noise can be
minimized by averaging several measurements. The reproducibility of the spectrophotometer
wave length setting is usually a function of design and the operator has minimal control. The
spectrum obtained by smoothin,} a2 spectrum using a 7-point Savitsky-Golay routine and

subtracting the smoothed spectrum from the original spectrum is shown on Figure 17.
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Figure 17. Noise as Found Using 7-Point Savitsky-Golay Smooth
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Note that there is severe random noise at both ends of the spectrum where the signal-to-noise
ratio was the poorest. However, the noise appears random and therefore meets, the definition of
Gaussian distribution. Whea a single peak is used, we use the combined signal-plus-noise
observation that may be correct, high, or low. We accept the value and plot statistical control
charts for the observations. If this is the measurement for a process control variable, we cannot
take corrective action based oa this measurement. The UCL, upper control limit, and the LCL,
the lower control limit, control our actions. If the value is between the UCL and the LCL, we do
not tamper with the system as the measurements are following a pormal statistical distribution.
Can we improve the observation by correcting for noise? Sure. Take data at several frequencies
on each side of the observation point and make a statistical fit for the shape of the peak. It is the
practice in this laboratory to take data at as many frequencies as the computer storage register
will allow and make a statistical fit to the spectrum. This is frequently done by applying

principal component analysis. The concept of principal component analyses is shown in Figure

18.
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Figure 18. Representation of Principal Component Analyses

If three samples were being considered, the absorption values could be plotied on the X axis.

The absorptivities for the same three samples measured at a second wavelength could plotted on
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the A, axis. Unless there is an interaction between the components in the three samples then the
ratio for the measured values would be the ratio of the absorptivities of the pure samples at these
.~#0 wavelengths. Therefore, by vector addition, the three samples could be represented by three
points on the A, A, axis. This principle can be extended to three wavelengths. The human mind
can recognize a pattern in three dimensions. A computer can calculate the points to represent
spectrum in many dimensions. As stated above, we often use as many points as the buffer in the
computer will accommoda:e. The principal component axis that the computer calculates is the
axis of best fit for all of the frequencies used. If the measurement at a given frequency includes
noise in addition to the signal for that frequency, it would represent a variance from the best-fit
line. Therefore, by use of the whole spuctrum, we find the best representaticn for the spectrum
using all observed spectral points. The first principal componeat may be subtracted from the
variance - covariance matrix and the process repeated. We then find the second component.
This is an abstract mathematical computation. The removal of principal components can be
continued unti! we have a component or components for the noise. These are of little interest.
Two guestions must be answered. How many of the components are real components and what
is the spectra of the real components? Many procedures have been proposzd to answer the first
question. The Screen plot is frequently used. Each component represents less and less of the
variance. When the sum of the variance becomes large and little improvement is gained by

adding another component, then a good compromise is reached.

The question of what the principal components represent is more difficult. Target
factor analysis represents one method (2). If the analyst expects that a component is present and
has the spectrum of that component, this spectrum can be multiplied into the variance -
covariance matrix to find the rotation req ired to yield this spectrum. It is possible to use this
method to construct a rotation matrix and identify the concentration of each component. This
procedure requires the K Matrix, the extinction coefficient spectrum for each component in the
mixture. Frequently the spect.um of some of the components in a mixture are not available and

other methods must be used.

Unless the analyst wishes to establish a relationship with an interpretation based

on cansaiity, it is not necessary to identify the components or factors to perform quantitative
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acalyses for known components. To use this method a calibration set is required that meets the

following conditions:

1. Typical samples are available for the training set.

2. The samples span each of the individual phenomena that can be
controlled.

3. The samples are randomly selected to insure a chance of spanning the

noncontrollable phenomena.
3. Application to Interferents

The application of multivariant analysis to the problem cf interferents can be

describe using Figure 19.

e 3

NANOMETERS

Figure 19. Spectra of Analyte and Interferent

An absorption peak in the spectrum of an analyte is represented by Curve A. The
spe;:trum of a known or unknown interferent is represented by Curve B. The typical single point
measurement technique measures the absorption at the point of maximum absorptivity. The
measured value of A for a sample will depend on the ratio of the amount of the uncontrolled
interferent. To minimize into:ference the number of points to be measured can be increased. If
Spectrum A was measured as several hundred points, then the principa! component analysis
would find the interferent to be noise unless it had an identical spectrum. These considerations

form the basis for taking as many points as the computer that we are using will allow. We
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recognize that this is an overkill. The alternative is to take one point and, when the procedure is
shown to be unreiiable, add additional points. When the two approaches are maximized, the
optimized pumber of points should be the same for both approaches. The question is which is
the cheapest and quickest method of obtaining the desired precision. Method selection depends
on the problem. If an experienced analyst is working with well-defined samples, the first
method can be the quickest. When working with samples and processes where there is minimum
information, ocly the second method can be successful. Most of the high-profit-producing
applications in industry have come from the latter group. This is particularly true when
reactions are continuing in the container while a sample is waiting for analysis. The greatest
payoff oftea occurs when observing industrial processes and some upset occurs.  Continuous
quick analyses with many possibly redundant pieces of information always are the first analyses

to recognize a signature pointing to the source of the problem.
4, Selection of Training Set

When using empirical or heuristic models, the important considerations are the

Calibration Objects (training set). The calibration model
Y = f(X)

that predicts y, from the x-variables is determined from the training set. The experimenter must

ensure that the calibration set contain enough information to solve the selectivity problems

involved. For simple problems only a few calibration objects are needed. But in general, the
less the analyst knows about the objects being analyzed and the instrumentation being used, the
larger the calibration set needed to ensure a reliable prediction ability. The calibration objects
must be representative for the population of objects from which Y values are to be predicted
later, both with regard to average quality and to variability. A significant VARIABILITY must
also be included in the calibration objects. The level of EVERY major independent component
or phenomenon, that may cause interference effects in future X-data, must vary in the

Calibration Object set. The actual level of these objects does not have to be kncwn.

These rules can be illustrated with data from work that the Laboratory For Inline
Process Analyses has done on iodine speciation. (This work was supported by NASA Marshall
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Space Flight Center under Contract NAS-36955 D.O. 52.) lodine in aqueous solution can exist
as HI, I, I(aq), Iy, HIO, 10, HIOQ,, 10,, HIO,, IO, and/or H,JO,. These species represent
oxidation numbers for iodine of -1 to +7. These species compete with H,0, dissolved O, and
dissolved H, for electrons. Further competition for electrons occurs when organics. are present.
The redox sensitivity is believed to be responsible for many conflicts related to analytical
procedures for determining iodine concentration. Determination of all species simultaneously
and in real-time is possible, highly desirable, and most likely the only way that the species
responsible for biocidal action can be controlled. The concentration of each species is
immediately avilable and there is no opportunity for the concentration of a species to change
while a sample awaits analysis. The requirements for a successfully controlled system are related
to the requirements for solving simultaneous equations. A single unkaown quantity can be
evaluated with one equation. If required to solve for two unknowns a minimum of two
independent equations is required. Solving for ten unknowns requires a minimum of ten

independent equations.

In Figure 20. the spectra of K1, I(aq), and KIO, are shown.

NANCMETERS
Figure 20. Spectra of K7, I,(aq), and K10,

A ractor analysis of this data in 1801 dimensional space should show at least five factors since

we anticipate factors for HIO and I, for which methods of making standard solutions are not
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available. When the factors for these components are identified and rotated we will obtain the
spectra of molecules unavailable on the storeroom shelf. The PLSpius, version 1, routine that is
part of the SpectraCalc software collection was used for this analysis. Shown in Table 2 is the
data obtained when the training set corsisted of samples of 1,(6 levels), KI(2 levels), and KIO,.

The data is reasonable for the principal variable, but the values for the other species were less

precise than desired. Table 3 shows the improvement when the training set contained 1,(6
levels), KI(S levels), KIO(S levels), KI,(KI plus 1,-5 levels), and six mixtures using these
samples. The spectra taken at 0.2 nanometer steps between 190 nanometers and 550
nanometers. Thus the analyses are being made in 1801 dimensional space. This is a severe
overkill. However, the results for all components are as expected. In this set we gave the
software the iodine values in ppm. The calibration algorithm is looking for variance in the
spectra (x-points) to match to the known Y values that were supplied. Note that ip this data set
we are analyzing for three knowns out of a possible ten species that could be in the solution. It
was not necessary to know the values for the other seven as we assumed that the species were at
thermodynamic equilibrium. The I,(aq) samples probably contained many of the total number
of species, but they were described to the software as being 1,(aq). Analyses for every species
will require additional standard solutions and additional method for preparing and analyzing the

solutions in the training set.

This example is described te illustrate the power of multivariate analyses and
empirical models. The responsibility of the observer to know the data set and to have

knowledge of the system is illustrated.

B. DESCRIPTION OY THE SPECTROPHOTOMETER

Tte Laboratory for Inline Process Analyses uses the specirophotometers manufactured
by Guided Wave, Inc. Guided Wave, Inc was founded by Mr. David LeFebre in May 1983 to
manufacture research grac': spectrophotometers. Mr. LeFebre's immediate past experience had
been in research and manufacturing of optical fibers. Developments have concentrated on using
single-strand fibers to connect the spectrophotometer to the sensor. In early spring 1984, the
Principal Investigator purchased one of the first five of the Model 100 instruments
manufactured. The Model 100 was the first to optimize the optical components to the
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TABLE 2. MULTIVARIATE CALIBRATION STANDARDS
I(aq), KI AND KIO,

Analysis of d:\sc\data\NASI1.spc  Prediction Actual
The calibration matrix is IODHA.cal

Prediction error: 4.98557

Component  Concentration

IODINE(aq) .00000595 595 x 10°5 595 x 105 (1.5 ppm)
IODIDE  .00000027
10, -.00000002

Analysis of d:\sc\data\NASI2.spc
The calibration matrix is IODHA.cal
Prediction error: 2.48077
Component  Concentration

IODINE(aq) .00001113 1.11 X 105 1.18 X 105 (3 ppm)
IODIDE .00000058
10, .00000001

Analysis of d:\sc\data\NASI3.spc
The calibration matrix is IODHA.cal
Prediction error: 1.32528
Component  Concentration

IODINE(aq) .00002449 245 x 104 236 x 10+ (6 ppm)
IODIDE  -.00000038
10, -.00000004

Analysis of d:\sc\data\NASI4.spc
The calibration matrix is IODHA .cal
Prediction error: 1.00855
Component  Concentration

IODINE(aq) .00003463 .346 x 10+ 355 x 10 (9 ppm)
IODIDE .00000069
10, .00000004

Analysis of d:\sc\data\NASIS5.spc
The calibration matrix is IODHA .cal
Prediction error: .444153
Component  Concentration

IODINE(aq) .0000592 592 x 104 591 x 105 (15 ppm)
IODIDE  -.00000003
10, 7.253E-09
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TABLE 2. (CONCLUDED) MULTIVARIATE CALIBRATION

Analysis of d:\sc\data\NASI6.spc  Prediction
The calibration matrix is IODHA .cal
Prediction error: 5.0481

Component  Concentration

IODINE(ag) .00010237 1.02x 10+
IODIDE  -.00000479
J(oX .00000058

Analysis of d:\sc\data\NASI7.spc

The calibration matrix is IODHA.cal

Prediction error: 6.37383

Component  Concentration

IODINE(aq) .00000016

IODIDE .0000958 958 x 10+
10, -8.073E-09

Analysis of d:\sc\data\NASI8.spc

The calibration matrix is IODHA.cal

Prediction error:

Component  Concentration

IODINE(ag) .00000021

1IODIDE .00009948 995 x 10+
10, .00000002

Analysis of d:\sc\data\NASI12.spc

The calibration matrix is IODHA .cal

Prediction error: 1.60365

Component  Concentration

IODINE(aq) .00000009

IODIDE .00000019 998 x 108
10, .00000998

Analysis of d:\sc\data\NASI13.spc
The calibration matrix is IODHA.cal
Prediction error: -.00000702

Component  Concentration

IODINE(aq) -.00000702

IODIDE .00002057

(o} .00000101 1x 104
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Actual

1.18 x 10+ (30 ppm)

1.0x 10°

1.0x 10+

1.0x 10

1.0x 10+
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TABLE 3. MULTIVARIATE CALIBRATION
TRAINING SET MIXTURES OF L, KI, AND KIO,

Analysis of C:\sc\data\PP1.spc

The calibration matrix is IODKA.cal
Prediction error: 3.32626

Component Concentration Prediction
IODINE 98346

IODIDE 00001107
10, .00001035
Analysis of C:\sc\data\PP2.spc

The calibration matrix is IODKA.cal
Prediction error: 6.32323

Component Concentration Prediction
IODINE 1.98501

IODIDE 00001015
10, .00002008
Analysis of C:\sc\data\PP3.spc

The calibration matrix is IODKA.cal
Prediction error: 8.72592

Component Concentration Prediction
IODINE 2.95085

IODIDE .0000216
10, .00001059
Analysis of C:\sc\data\PP4.spc

The calibration matrix is IODKA.cal
Prediction error: 7.77016

Component  Concentration Prediction
1ODINE 2.02039

IODIDE .00001714

10, 00000903

Analysis of C:\sc\data\PP5.spc

The calibration matrix is IODKA.cal
Prediction error: 5.30173

Component  Concentration Prediction
IODINE 3.02628

IODIDE .00001011

10, .00001
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Actual

1.0 ppm
1x105F
1x10%F

2 ppm
1.0x 105F
20x 105F

3 ppm
1.0x 10°F
1x105F

2ppm
2x10°F
1x10°F

3 ppm
1.0x10°F
1x104F
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characteristics of energy transmission over fibers.  All feedback from users has been taken
seriously and used in developing new models. The Model 300 double beam instrument, on the
market for about one year, was an attempt to include the needs of all users. The original
instrument purchased by UAH has been updated on three occasions as the Model 150, Model
200, and Model 260 were developed. A specification for the Guided Wave model 260 and
Model 300 spectrophotometer is given in Appendix C.

Many spectrometer manufacturers have provided attachments to taeir line of
spectrophotometers to allow the use of fibers. Many of the manufacturers use bundles of fiber.
‘The spectrophotometers are multiuse instruments. Although the Principal Investigator has
followed these developments through literature references, visits by representatives, and visits to

trade shows, no attempt has been made to compare performance as a part of this report.

Some features of the Guided Wave instruments are described in the following sections
to illustrate the requirements on an instrument which is to be used with single-strand fiber optics

and to provide examples of the apnaratus used to obtain the experimental data.
1. The Optical Bench

The design of classical spectrophotometers includes slits, mirrors, gratings or
prisms to disperse the radiation, and a detector. There is a loss of energy at the surface of each
component. Since the energy carried by a fiber is small, as many surfaces as possible are

eliminated. The essential elements of the fiber spectrophotometer are shown in Figure 21.
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Figure 21. Scanning Fiber Spectrophotometer.

The light source is a tungsten halogen bulb or a deuterium lamp. The light source
is large with respect to the diameter of the fiber core. Lens are used to focus the energy from the
source onto the fiber. The entrance cone into the fiber is controlled by the numerical aperture of
the fiber. The fiber transmits the energy to the sample. Shown in Figure 21 is a transmission
probe where the energy from the exit cone of the fiber is focused onto a concave mirror. The
mirror focuses the energy back onto a second fiber that carries the energy to the
spectrophotometer. The cone of energy from the fiber falls on a holographic concave diffraction
grating. Since this cone is fixed by the characteristics of the fiber, the size of the grating that
can be filled with light is determined by the distance from the end of the fiber to the grating. To
reduce stray light in the grating chamber, a square aperture is used so that the cone of light just
fills the square grating. The longer the distance from the operature to the grating, the larger the
area of light available but the lower the intensity. The Guided Wave instruments are 0.25-meter
spectrophotometers. A characteristic of holographic concave gratings is that the reflected energy
can be focused to a spo¢ for only two wavelengtas. The grating in this spectrophotometer has
been designed so that the distance between these spots {5 sufficient that two detectors can be
mounted on the instrument at the same time. The software can be set to change between the two

detectors at any selected wavelength. The patiern of the radiation is shown in Figure 22.
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Figure 22. Radiation Pattern at the Detector Slits

This is the only point at which slits ace used in this spectrophotometer,
2. Gratings and Detectors

Changing a grating‘or detector only takes a few minutes. Therefore, observations
can be made from the ultraviolet to the near infrared with the same instrument by choice of
gratings and detectors. When quartz fibers are used, the useful region is from 200 - 250
nanometers to 2.2 micrometers., Zirconium fluonide fibers are available to extend the
observation region to 3.2 micrometers in the infrared. To cover the full range at high resolution
photomultipliers, silicon, germanium, and lead sulfide detectors are required. To cover the
entire range diffraction gratings at 1200, 800, 600, 300 lines/mm are used. A component

selecticn guide from the Guided Wave, Inc. literature is shown as Figure 23.

3. Experimental Setup and Sample Probes

The spectrophotometer is remote from the sample as the spectrophotometer is

connected to the sample by a flexible fiber optic cable and the sample is connected to the
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spectrophotometer by a second fiber optic cable. This provides flexibility equal to the
imagination of the experimenter. Standard probes and components as shown in Figure 24 are
used to gain experience with the concepts. As the real-time problem is defined specialized
components are designed to interface the system with the fibers that carry the information.

4, Analyses of Benzene, Toluene, and Xylene

Classical absorption analyses for benzene, toluene and xylene were made using
the described equipment and quantitated using multivariate analyses. For these analyses, a
probe, Guided Wave, Inc. Part #1RP2 SO - 6, consisting of a lens that formed the cone of light
coming from the fiber into a 1-centimeter collimated beam was placed on the side of a standard
5 x 1-centimeter, 1 x 1-centimeter, or millimeter x 1 centimeter quartz absorption cell. A similar
probe was placed on the opposite side to pick up the collimated beam and focus the light onto
the optical fiber that returned to the spectrophotometer. Spectra were taken in both the
ultraviolet and the near infrared. Spectra were obtained using neat solutions, mixtures of
benzene-toluene-xylene, aqueous solutions made using the mixtures, and solutions made in Jet
A fuel. These spectra have been reproduced as Figures 25 through 39. Examinations of t>he
Figures show that each component shows its characteristics spectrum as expected. The
analytical results obtained using the PLSplus, version 2, in the SpectrzCalc collection are shown
as Tables 4 and 5.
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Figure 26. Toluene (0.5mliter water)
Scm Absorption Cell UV-VIS
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Figure 27. Xylene (0.5miiter water)
Scm Absorption Cell UV-VIS
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Figure 28. 1:1:1 Benzene, Toluene, Xylene
Scm Absorption Cell UV-VIS
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Figure 30. Toluene (neat)
ATR Dip Probe NIR
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Figure 32. 1:1:1 Benzene, Toluene, Xylene (neat)
ATR Dip Probe NIR
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Figure 34. Benzene (neat)
1mm Absorption Ceil NIR
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Figure 38. 5:1:1:2 Jet A BTX
1mm Absorption Cell NIR
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TABLE 4. UV ABSORBANCE (190NM - 550NM)

The calibration matrix is BTXM.cal

Analysis of C:\sc\data\szb6.spc
Prediction error: 3.72429
Component  Concentration

benzene .218886
toluene .189784

xylene .0913287
Analysis of C:\sc\data\szb7.spc

Prediction error: 1.52066
Component  Concentration

beazene .204248
toluene .0983945
xylene 197357
Analysis of C:\sc\data\szb8.spc
Prediction error: 3.49068
Component  Concentration
benzene 111045
toluene 1957

xylene 193253

Analysis of C:\sc\data\szb9.spc
Prediction error: 1.7435
Component  Concentration

benzene 282276
toluene .108965
xylene .108758

Analysis of C:\sc\data'szb10.spc
Prediction error: 1.58934
Component  Concentration

benzene 0873923
toluene 305299
xylene .107308

Analysis of C:\sc\data\szb11.spc
Prediction error: .886865
Component  Concentration

benzene .0961512
toluene .101855
xylene 301994
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TABLE 5. NIR SAPPHIRE PROBE (900NM - 2000NM)
The calibration matrix is BTXM.cal

Analysis of C:\sc\data\szb4.spc Actual (ml/1 liter water)

Prediction error: 7.87811

Component  Concentration

benzene 4960484 5

toluene -.00892134 0

xylene .0128365 0

Analysis of C:\sc\data\szb5.spc

Prediction error: 14.0206

Component  Concentration

benzene -.0107907 0

toluene 0242955 0

xylene 486495 5

Analysis of C:\sc\data\szb6.spc

Prediction error: 3.64134

Component  Concentration

benzene .16986 2

toluene .253524 2

xylene 0766155 .1

Analysis of C:\sc\data\szb7.spc

Prediction error: 34.7931

Compenent  Concentration

benzene 25292 2

toluene 0617323 .1

xylene .183975 2

Analysis of C:\sc\data\szb8.spc

Prediction error: 11.7541

Component  Concentration

benzene 130919 1

toluene .143641 2

xylene 225438 2

Analysis of C:\sc\data\szb9.spc

Prediction error:

Component  Cor.centration

benzene 220059 3

toluene 164532 A

xylene .115408 1
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TABLE 5. (CONCLUDED) NIR SAPPHIRE PROBE (900NM - 2000NM)

Analysis of C:\s<\duta\szb10.spc
Prediction error: 9.1321
Component  Concentration
benzene .110085

toluene .260646

xylene 129268

-l

Analysis of C:\sc\data\szb11.spc

Prediction error: 2.93533

Component  Concentration

benzene .114971 1
toluene 125375
xylene .259653 3

.
[

62




5. Analyses of Trichloroethylene and Related Compounds

Recently we were asked if the absorption technique could be used for
trichloroethylene and related compounds. The NIR spectra are shown in Figures 40 and 41. The
technique can be readily adapted to the chlorinated hydrccarbons.

C. FIBER OPTICS AND RELATED OPTICAL PROBLEMS

Our earliest evaluations, Appendix A, had indicated the possibility that improvemeats in
Fiber Optic Chemical Sensors could be made through appropriate changes in the optics. The
experimental work described above indicates that acceptable results can be obtained with the
Guided Wave, Inc spectrophotometer and fiber cables. In this section we describe some

problems and the methods by which the problems were eliminated or reduced to a acceptable

magnitude.
1. Temperature Fluctuations and Microbends

As described in Section 1, a bend in the fiber causes some of the energy to leave
the fiber core and pass into the cladding. As shown in Figure 9 this phenomena can be used to
design devices that can measure microstrain. These devices can be used to measure mass when
calibrated, can be placed in mechanical models to measure stress distributions, and have been
made into instruments to measure acoustics. Errors can be minimized for chemical sensors by
use of well-buffered cables that prevent microbends. If possible, we take the sample to the
probe so that each measurement is made with the cable in a fixed position. When real-time
measurements are being made, a fixed cable arrangement can be used. When movement of the
cable cannot be avoided, movement of the cable is includsd as a variable in the calibration set.
Since readings are taken at multiple wavelengths and all wavelengths are not affected
proportionally by movement of the cable, the multivariant search methods allot some of the
frequencies to the fiber variations while finding other mnre reliable frequencies to use in

quantitating the analytes of interest.
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The light beam passes down the fiber core in a number of modes. These modes
depend on diameter and length of fiber. As the temperature is mised, a fiber expards in
diameter and length causing a change in the magnitude of the signal which is observed. If we
are dealing with low signal to aoise ratio, temperature variatica can be important. Changes in
material properties with temperature are reversible and reproducible. When temperature changes
must be included, a temperature measurement is substituted for a wavelength value. A
publication described one application where 2 sensor was excellent for measuring temperature
when strain was constant and one wavelength was used. When temperature was held constant,
the sensor was excellent for measuring strain using the same wavelength. The solution was
simple, use one wavelength to quantitate temperature and a second wavelength to quantitate
strain. We did not encounter an example during this experimental work where temperature
measurement was required. Since an excess of wavelengths over the minimum required and
multivariate analyses techniques are used, the software is protecting s from this problem by
assigning wavelength to temperature. As we optimize the technique and move toward a

minimum number of frequencies we expect to observe the temperature effects.

A more annoying probiem related to temperature has been molecular association
in the dilute solutions. The wavelength maxima shift with temperature. When this problem

occurs, temperature is included in the data vector.

2. Modification of Cladding

A number of sensors are described ia the literature where the seasor consists of a
core with a cladding with special properties. In Section Il we descibed the energy rays as
passing along the fiber if the light strikes the cladding at an angle greater than the critical angle.
It has been shown that although the energy is totally reflected there is an evanescent energy
wave that penetrates microinches into the cladding. Reflection is attenuated if the cladding has
an absorption band at a wavelength in the illuminating radiation. Many experiments have been
devised that demonstrate and use this phenomenon. Most of these designs also use the change in
NA associated with the change in the ratio of refractive indices of the core and cladding.

Several different arrangements are shown in Figure 42.
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Figure 42. Sensors Designs Using the Evanescent Wave

The sensor shown as A in Figure 42 has the buffer removed and the sample is in contact with the
fiber. For this arrangement, the ATR, attenuated total reflection spectra of the sample is
recorded. The sensor shown as B has a special cladding placed between the core and sample. If
the zample or a component of the sample is absorbed by the cladding, the ATR spectrum is
abtiined as this analyte reaches the core. If the sample is soluble in the cladding the cladding
wili swell. If the sample has a higher index of refraction than the cladding material, then n, may
become greater than n, and all energy may be absorbed. The sensor shown as C has the core of
one fiber terminated within the sample. A second core is placed next to the fiber bringing the
light into the samgle region. This second fiber picks up portions of the energy. This twin core
type of sensor can be used for special types of analytes. Iaitially, we considered some of these
arrangements, but became less interested as successful analyses where obtained using classical
spectrophotometric measurements. When a fiber is drawn from the furnace, an inert atmosphere
is used to prevent moisture from causing microcracks and hydroxyl groups on the surface.
Unless the experimenter has available a drawing fumance, it appears to be extremely difficult to
obtain reproducible sensors using these approacth. Removing the manufacture's cladding and
substituting another cladding has resulted in many extremely interesting research papers. When
sufficient use is generated, a fiber manufacturer may be persuaded to add one of these fibers to

the product line.
3. A Sensor Using a Silicone-Clad Fiber

Fiberguide Industries, Inc. manufacturers a nylon buffer, siloxane clad fiber for
the telecommunication industry that we have used to fabricate a sensor. A schematic is shown in

Figure 43 .
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Figure 43 . Coiled Fiber ATR Sensor

The coil is wound from 3 meters of Fiberguide Industries fiber APC400N with 1.5 meters used
in the sensor leaving two 1.5 meter fiber leads. This fiber is a low-hydroxy pure quartz fiber
with a 400-micrometer core, 100-micrometer proprietary siloxane cladding, and a
100-micrometer nylon buffer. Aiter the coil is wound, the nylon buffer in the coil area which is
used for sensing is removed by immersing the probe in boiling propylene glycol. The fiber is

threaded through small holes to give support and to prevent non reproducible microstrain. Our

design is similar to the design reported by Degrandpre and Burgess (5).

Both the Guided Wave Mode! 200 and Model 300 spectrophotometers were used.
With the Model 200 spectrophotometer a 600 I/mm grating and silicon and germanium detectors
were used to record the spectrum from 800nm to 2000nm in 1nm increments. A silicon halogen
lamp was used as the source of illumination. With the Model 300 2 470 I/mm grating and a

proprietary detector was used to record the spectra from 80Cnm to 1750nm.

Tbe sensor is connected to the spectrophotometer using the two 0.75-meter
fiber-optic leads from which the nylon has not been removed. The ends of the fiber are cleaved
with a sharp knife leaving a smooth optical surface perpendicular to the fiber. The fiber is
mounted to the spectrophotometer port with a fiber clamp and adjusted with respect to the
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spectrophotometer optics by moving in or out until the maximum signal is obtained. The leads
and sensor sections are made from a continuous length of fiber. When the final sensor
parameters are determined, SMA 905 connectors will be used to connect the sensor to the
spectrophotometers. (The minimum order requirement for a SMA 905 for each core size

prevents having all sizes available.)

The signal is recorded as a digital signal. The Model 200 is a single-beam
spectrophotometer and a reference spectrum is required. The reference spectrum for gases is
taken in air. The reference spectrum for aqueous solutions is water. Since the cladding is
hydrophobic organophilic, the reference spectrum is the ATR (attenuated total reflection)
spectrum of the siloxane cladding. Since the spectrum being obtained are ATR spectrum, total
reflection does not occur at the wavelengths where the cladding has absorption bands.
Therefore, less light passes to the detector. When the sensor is placed in the presence of organic
liquids or vapors, the organophilic-hydrophobic cladding absorts the organic and the cladding
swells. Since there is less of the siloxane in the distance that the evanescent wave penetrates,
more light remains in the fiber in the regions where the absorption were found in the reference
spectrum. When the spectra are plotted as AU (absorption units) vs wavelength, regions of
negative absorption appear. These bands can be used as internal standards to measure the
swelling and hence the volume of the organic. When the organic material diffuses to the core,
the ATR spectrum of the organic is obtained. The absorption bands can be quantitated using the

methods available for quantitization of ATR spectrum.

The quantity of organic that can be absorbed will be related the solubility of the
organic in the cladding material and will change with the chemical composition of the cladding.
In air or in aqueous solutions the quantity will also be a function of the equilibrium constant for
the distribution between the cladding and air or water. For benzene, toluene, and xylene, the
soiubility in the siloxane is much greater than in water or air. The sensors, therefore, are very
sensitive. The cladding acts as an integrating sensor. Since the organics are easily removed with

acetone, the activity of the sensor can be restored by soaking in acetone and air drying.
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Some spectra for benzene, toluene, xylene, Jet A, and trichloroethylene are shown

as Figures 44 through 51. A quantitization using PLS-2 is shown in Table 6.

TABLE 6. EXPERIMENT SUMMARY FROM SOH2.RPT
(NEAT MIXTURES 1 MM ABSORBANCE CELL)

Type: PLS2 #Spectra: 9 #Components: 4
# Regions: 1 Sampling: Avg #Points: 751
Variance Scaling: NO Mean Center: NO MSC: NO
Pathlength Corrc: NO Baseline: NO Custom: NO
Number of factors for Press: 5 Number of samples for rotation: 1

Name of Method file: soh2. MTD Name of Caliration File: SOH10.CFL

Number of factors for Calibration: §

Region # Left edge Right edge Pt spacing # points
1 1000 1750 1 751
Sample Found
Jet A B T X Jet A B T X
0.5 0.5 0 0 0.4995 0.4969 -0.0001 0.0027
0.5 0 0.5 0 0.5014 -0.0022 0.5055 -0.0018
0.5 0 0 0.5 0.5011 -0.0047 0.0063 0.4995
0.5 0.1 0.2 0.1 0.4997 0.1917 0.2013 0.1012
0.5 0.1 0.2 0.2 0.4991 0.111 0.1924 0.1957
0.5 0.1 0.1 0.2 0.4995 0.1881 0.1054 0.20759
0.5 0.3 0.2 0 0.5011 03036 0.2015 -0.004
0.5 0 0.3 0.2 0.4997 0.0007 0.2913 0.2057
0.5 0.2 0 0.3 0.5008 0.2096 -0.0038 N.295
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Figure 45. Toluene (1ml/liter water)
Coil Above Solution (30 minutes)
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Figure 47. 1:1:1 BTX (1mlfiter water)
Coil Above Solution (30 minutes)

71




‘.
e

uonnios aaoqe (19 BM TWO00 1/ qwr)
HI0SU3S 13q14 papiog fx 1 g v 12 Jo soney gy aingyy

mmm;m:doz«da
o (SN ..o..m
0
£:2:0:g
/"\, e ————— 0:G:0:c
( 2:0:g:g
0:e:z:g
0:0:g:¢g
- N.
z
2
2
4

72




i

4

OOr@—

pasiowwy Josudg {(1a1em TWEQO T/ W)
H0SU3g 13q14 P3[10D ‘XL 'V 197 Jo soney “6p ainJiy

SHHLANONVN

0001

1:2:2:G

T
—

JONVHYOSHY

73

/



ABSORBANCE

ABSORBANCE

.05 -
o
1000 1500
NANOMETERS
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Figure 51. Trichloroethylene (0.1ml/liter water)
Coiled Fiber Sensor
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SECTION V

BREADBOARD DESIGNS

The contract provided for the testing of selected components in breadboard
configurations. For FOCS configurations a breadboard consist of a sensing element, fiber optic
connections, and a read-out device. All of the experiments regorted in Section [V included a
computer and spectrophotometer (the read-out devices), fiber optic cables, and a sensing device.
The sensing device used commercial components. Analyses were obtained for the required
analytes without the use of chemical reactions at the end of the fiber. Therefore, each
experiment was a breadboard configuration where standard spectroscopic techniques were

successful.

The only modifications required for laboratory or field use of the systems. would be
length and type cf fiber or transducer design to fit specific experiments. This section describes
an apparatus designed to test a sensor in an aqueous environment. All of the parameters which
are required to simulate a natural environment are provided. This apparatus can be us=d during
the qualification program for a system, and for quality assurance measurements during

manufacture and delivery of asystem.
A. DESCRIPTION OF TEST APPARATUS

The apparatus shown in Figure 52 is used to evaluate the minimum number of sensors
required to determine that a process is operating within statistical control. A system that is
operating within stzatistical control has a defined identity and a defined capability. It is a random
process. Its behavior in the near future is statistically predictable in the abseace of an unforesee
action that knocks the process out of statistical control. The apparatus can also be used for
experiments to identify the statistical variations as measured simultaneously by many different
sensors exposed to a completely defined condition. The capability to jolt or upset the system
and follow the return to a stable system is also provided. After a system has been calibrated, the
apparatus can then be used to simulate full scale equipment when engineering experiments are
required for design or redesign of the system. The system was fabricated from ccmmercially

available components by the UAH glassblower. The following features are provided:
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3-way Stopcock

Teflon Impeller Four 1 cm Pyrex Ports for
...}, | Probe Seasors
Pump
[ O ] Quartz Windows
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Flanged Pipe
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Charging
Port Clamp

Figure 52. System Test Appartus
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1. Charging Port The tube and two way stopcock at the lower left is used
to fill the system. To fill the system with water that does not contain
dissolved oxygen, the system is flushed with an inert gas. Nitrogea can be
used if nitrogen fixation is not being investigated. Helium or argoa can be
used if both nitroger. and oxygen must be excluded. When the apparatus
is free of active gases, the sample bottle is pressurized and the apparatus is
filled with a degased solution. Both the two-way and three-way stopcocks

are then closed to the atmosphere.

2. Septum Openings can be closed with septa as required. Samples may
be taken or reagents added using a syringe and a needle placed through a
septum. These ports may be used to adjust pH by adding acid or base.
Caroon dioxide can be added when needed to simulate the atmospheric
carbonate cycle or to adjust acidity. Oxygen can be added as required to
adjust oxidation potential. The ports can be used to take samples without
exposing the samples to atmospheric stimuli. The ports are used to add
reagents to jolt a system and to follow the retumn to statistically described
behavior. If temperature changes are™ expected, a syringe partially filled
with solution is left in place at one of the ports to accommodate the

differential expansion of glass and solution.

3. Test Section Glass tubing can be placed in cither leg of the system if

activedevices are required for an experiment.

4. [mpeller The solution within the system is circulated using the

variable speed motor. The Teflon® coated impeller is magnetically

driven.
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5. Sensor ports Four ports are shown. These ports are used to hold
sensors. Seasors cumently available include pH, pl-, pl,, pO,, pCO,,

conductivity, and pE. Four can be used simultaneously.

6. Spectroscopic windows A five centimeter path length is provided for
spectroscopic measurement. UV grade quartz, NIR ;rade quartz, and

sapphire windows are used. A window at right angles to one pair of ports
is used for fluorescence measurements. Absorption probes, Cruided Wave,
Inc. Part # 7TP 2S - 5, with 1 and 2 centimeter path lengths are placed

through the sensor ports when required for an experiment.

7. Spectrophotometer A fiber-optic cable is used to connect the light

source to 3 window and a second fiber cable completes the path to the
spectrophotometer.  Detectors include a photomultiplier, silicon,
germanium, and lead sulfide. Available gratings include 1200, 600, and
300 I/mm. Combinations of these gratings and detectors makes possible
the recording of high-resolution spectra from 190am to 2200nm.
Resolution in the UV region is 0.05 nanometers and 2 nanometers
resolution in the lead sulfide NIR region. Specifications for the

spectrophotometers are given in Appendix C.

8. Additional detectors A sapphire-tipped ATR probe designed for three

passes of the evanescent wave, Guided Wave, Inc. Part # 1AT4 SO -6B, is
aviilable for the visible and NIR regions. Fiber ATR probes, as described

in Section IV, are also used.

9. Temperature control The tem c.ature is controlled by wrapping the

system with tubing through ~hich water is circulated. Experiments have

been run at 40°C.




Experiments are designed so that at least two sensors should respond to a given chemical
species. If an acid is generated, the event should be recorded at least as a change in level of pH
and conductivity sensors. In addition, organic acids often show changes in the UV or NIR
region of the spectrum. Should biomass form within the system or deposit on the windows used
for spectroscopic observation, it should be readily detected unless it forms in the same thickness
on each type of material used in the construction of the apparatus. The fiber optic ATR cell
requires diffusion of the organic material into the siloxane buffer. The NIR ATR absorption
spectrum and the NIR absorption spectrum would not be expected to show the same response for
high molecular species such as biomass. Orgaric species containing active hydrogens such as
hydroxyl, hydrogen adjacent to carbonyl, or amine groups will show strong NIR absorption.
Since hydrophilic compounds will not diffuse into the siloxane cladding, the opportunity for
differentiation is provided. Phenols, cresols, etc. will have strong UV signatures. Most

compounds containing the benzene ring can be quantitated in the UV.

The objective is to observe in real-time a sufficient number of signals so that there is

enough knowledge of the system to predict the behavior of the system in the near future.

B. DESIGN OF UV NIR PROBE

The design of a combired UV NIR probe that could be used in the field is shown in
Figure 53.

Figure 53. UV NIR Probe
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A Teflon® spool is placed around the stainless steel shaft of an one or two centimeter absorption
probe. A fiber-optic ATR sensor is wound on the spool. UV spectra can be recorded using the
absorption probe, and NIR ATR spectra can be recorded using the fiber on the spool.

C. CONCEPT FCR AN INTEGRATED SYSTEM

Shown in Figure 54 is a concept of an integrated system that may be applicable to Air
Force Bases.

The part of greatest concern is the length of the fiber optic links. If certain portions of
the spectrum are required, then the lengths between the sensors and computer would be very
short. For example, if the UV region from 190 nanometes to 250 nanometers is required, the
fiber length would possibly be limited to less than 10 meters if white light is used. There is
evidence that this could be raised to several hundred meters if predispersed illumination is used.
Lengths would also be limited if information is required near the hydroxy absorption bands.
Small dedicated hardened computers are available. One of these computers could be located
near a cluster of sensors and the information coded at a different wavelength or to an electrical
signal. An alternate corfiguration would place a small dedicated hardened computer at the site
of each group of sensors. The purpose of this computer would be to collect data and convert the

data to a format that could be passed over standard optical transmission lines.
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SECTION VI

OBSERVATIONS AND CONCLUSIONS

The past 10 years has seen a period of rapid growth in instrumentation supporting
analytical chemists. During the early 1980's, Dr. Tomas Hirschfeld and his colleagues began
experiments with fiber optic chemical sensors (FOCS). Experimentation using these novel
sensors spread rapidly into university laboratories and into the laboratories within the chemical
industry. Parallel efforts were initiated in the fiber optic industry and by the manufacturers of
medical instrumentation. Instrument manufacturers accepted the challenge. New markets had
been created. Some of these activities with emphasis on sensors and instrumentation as applied

to measurements related to the environment are described in this report.

During the same period, developments in the personal computer industry were an
additional source of excitement. Investigators in even a small research laboratory today have
available the computational power that only a few years earlier was reserved for the large
research installations. Today, this computational power is found in portable computers with self
contained power packs that can be used by investigators in the field sciences. Calculations can
be made on site. Software algorithms related to multivariate analyses are now available for the

portable computers.

The technological advancements have been evaluated and components selected for an
instrum<at that can give immediate analytical results in the field. Significant time will be saved
during site evaluation related to environmental concerns as field instrumentation replaces the
practice of collecting samples and sending them to a laboratory for evaiuation. Reduction in cost
at remediation sites will be realized as immediate analyses are available. Expensive equipment
will not set idle while analyses are being performed at an off site laboratory. The use of the
equipment and procedures described in this study should be panticularly effective in monitoring

a site that awaits remediation or a site following remediation.

This research began at a time when many specialized instruments were being considered.

FOCS were described as small chemical laboratories at the end of an optical fiber. The
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conclusion reached in this study is that computer manufacturers, instrument manufacturers, and
software houses have made innovative tricks unnecessary. (Applications to medical science
excluded). When a goal is defined, sufficient research results are available so that the task is an
engineering task not a research task. Unfortunately, each polluted area has its specific problems
that must be considered. The task that lies ahead must be a team effort as the higher educational

system has not provided interdisciplinary talent in sufficient numbers.

The analytical system selected during this study consist of a portable general purpose
spectrophotometer. Gratings and detectors can be interchanged readily in the field so that the
spectrophotometer can be used over the range of 190 nanometers to 2200 nanometers. This
covers the ranges associated with ultraviolet, visible, and near infrared spectrophctometry. The
light source housed in the spectrophotometer is connected by a fiber optic cable to the sensor
which is in contact with the analyte. A second cable returns the electromagnetic radiation to the
detector. The spectrophotometer is connected to a portable computer. The computer software
controls the repetitive operations and calculates the analytical values for the analytes using

multivariate algorithms.

The selected components can be configured for classical absorption spectroscopy and
fluorescence spectroscopy. With the addition of a laser source, Raman spectroscopy would be
possible. The choice of a flexible spectrophotometer permits as many spectral points as required
to be acquired. Multiple points allow the software algorithms to correct for many sources of
variance. The work described in this report used many redundant points. Through the use of
multiple points precision was obtained. The ability to take many points increases the flexibility.
New hardware is not required when the analyte changes. As use of the system increases, the

database should contain the calibration data for all analytes of general interest.

When samples contain many analytes, it may be necessary to separate the components
into groups. In the near infrared region, NIR, the quartz fiber used for the core makes a good
attenuated total reflection, ATR, component. The ATR spectrum of a compound resembles the
absorption spectra and is characteristic of the compound. The work of Degrandpre and Burgess
(5) using a coated fiber that is hydrophobic and organophilic has been repeated during this
investigation. Degrandpre and Burgess teaches that, "the polymer cladding is a critical
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component of an evanescent-field fiber optic sensor. The cladding should provide mechanical
strength, be selective for an analyte or group of analytes, have good chemical stability, and have
good optical qualities such as transparency and low scattering. In order to work in the
evanescent mode it must have an refractive index lower than the core index. Obviously, there
will be many polymers that fit these criteria. The limited number of polymer claddings and core
combinations that are commercially available dictate that researchers must develop their own
manufacturing capabilities.” As the result of our investigations, we add that the cladding must
be added to the quartz core during the drawing operation while the fiber is in the inert
atmosphere of the drawing furnace. The UAH Laboratory For Inline Process Analyses has
received experimental fiber from the Guided Wave, Inc. plant. The theories have been
confirmed and many new fibers are available. Since the aromatics have a nigher index of
refraction than quartz, the concentration range is limited before cutoff in the core. Therefore, we

are also considering glasses with higher index of refraction than quartz.

The advantages of multivariate analyses are numerous. Probably the most important
advantage is that many analytes can be quantitated using a single spsctrophotometric system.
With multivariate analyses and statistical models, analyses for the analytes of interest are
obtained. All other analytes and sources of variation are considered noise. The analyst must
accept the responsibility that the calibration set contains all sources of variance. It is important
to carry redundant data rather than minimize the number of spectral points too early in an

investigation and risk undesirable variation from interferents and non reproducible procedures.

A disadvantage of the recommended multivariant procedures is the requirement for a
well characterized training set that has been analyzed by an acceptable analytical procedure.

This disadvantage will decrease as use of the system increases and the database grows.

The present decade has seen many innovative changes applicable to determinations made
by analytical chemists. This report has stressed the developments in spectrophotometers,
computers, and computer software. An analytical system has been recommended that will
expedite environmental analyses. The system will be useful during site characterization,

remediation, and site monitoring.
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APPENDIX A

OPTRODE DEVELOPMENT
(From a UAH Report prepared in 1986)

A. BACKGROUND AND PROBLEM DEFINITION

1. Introduction

The Center for Applied Optics at The University of Alabama in Huntsville and
their subcontractor ST&E, Inc. have completed a three month study to define the state of the art
related to Optrodes and, more specifically, FOCS. This study was made at the request of Dr.
Bernard Bulkin, Director, Analytical Sciences Laboratory, Standard Oil Research and

Development Company.

The study has confirmed the observation that most of the published studies
related to FOCS have their roots at the Lawrence Livermore National Laboratories (LLNL). Dr.
Tomas Hirschfeld (LLNL) did much to popularize the ideas. Efforts were primarily directed at
FOCS research concepts and as a result, few, if any, of ‘hese FOCS reached the commercial

market. Considerable engineering effort remains to be completed.
2. Problem Statement

FOCS are small chemical laboratories placed at the end of a fiber optic. For
chemical analyses these optrodes should be specific to the chemistry confined within the light
path at the end of a fiber. Our studies indicate that many chemistries have been tested under
laboratory conditions, but few, if any, have made the complete journey through engineering,
manufacturing and then to the commercial market. In fact, the laboratory work is often suspect,
as it has been difficult, if not impossible to repeat the experiments and obtain data similar to that
reported in the literature. On the other hand, private communications indicate that several types
of optrodes have been successfully adopted to indur ! use. A uraryl optrode (based on LLNL
research) is in use at Union Carbide and a copper optrode (started by ST&E but completed by
Guided Wave, Inc.) is in place at Hughes Aircraft.
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Our evaluation of FOCS identified the following as needed future research and

engineering objectives of interest to Standard Oil:

1. Check viability of relevant optrodes
2. Specific optrode chemistry (proprietary)
3. Improved ruggedness
4. Increased lifetime

5. Better reproducibility between FOCS

6. Better protection from contamination

7. Better control of pore size of membranes

Significant advances toward meeting these objectives are possible. Tne problems
are common to the engineering of optical systems. Several organizations at the recent FACSS
meeting pointed out to us that they felt the most important deficiency within their organization
was lack of an optics engineering group. More realistically, however, the need is for a team of
chemists and optical engineers, working in tandem, if the FOCS are to become a practical useful
devices. The CAO-ST&E team ikat completed the recent study, consists of chemists, optical
engineers, and analysts and is uni-;uely qualified to attack these problems. The team, contains

individuals who have been connected with FOCS development since the beginaing and the

optical specialist that constitute the CAO.

B. STATEMENT OF WORK

1. Approach to Capturing and Improving FOCS Technology

The engineering objectives give in Section A have been carcfully considered. All
FOCS have similar shortcomings. This observation led to consideration of common
components. Signal to noise ratio is low. Either the signal strength at the source must be
increased or the available signal must be used more conservatively. Significant effort has been
placed on obtaining in r:ased signal strength. The Livermore group has investigated several
approaches. It will be the goal of this devei o inent effort to capture as much of this experience
as possible. Reproducibility has been a major problem. ST&E, since personnel have been

associated with the research, will be responsible for manufacturing the initial sensors and will
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provide written procedurcs. Using the written procedures CAO will attempt to reproduce the

ST&E results. The CAO will concentrate their developmental effort on the fiber optic

components. Different cores, claddings and/or protective coatings may be used. UAH will
attempt to distinguish between the populations of FOCS available for testing. FOCS made at
UAH will be tested at ST&E. |

Inadequate poise management is believed to cause a major portion of signal
Jdegradatios. The optimum system will include compromises on fiber size, dadding, butfering,
andor tessile seenth. Larger fher cores transmit more light but lead to noise from modal
miuag Mode sinzpen nave proven usef! 1o separating signal from noise. Although photons
are lost 13 wnppers, frrguentiy. a3 ove ! gaia in signal strength and purity can be achieved.
Although taey are more expensive, dundles of small fibers will be considered. Signal lost in a
single Sher may be hugh. but the signal will be greater if the geometry of collection can be

1m ed or1f 1zss sigral s jost 10 Rizher modes.
e g

Big improvements have been made in obtaining useful information through the
use of appropriate software algonthms. The analog approach to read-out is the simplest. When
only a single parameter is measured information can be obtained conceming the statistical
distributicn of values. When two parameters are measured, two dimeasional plots can be made.
The hwinan can ofien distinguish patterns. A few individuals can recognize patterns when three
dimensions are considered. Once the information is digitized, computer programs can be used to
find patterns in multiple dimensional space. The different methods of data reduction will be -
compared. Trade-offs in cost between the simplicity of a FOCS using analog output possibiy

digitized, and systemns containing more intensive computer utilization will he considered.

Some of the unsatisfactory results are believed to originate from a standardizaticn
problem. Some of the vanations between measurements may result from values being compared
to an improper standard. This problem may become obvious as different spectrophotometers are

used.

The adapter being used by ST&E to couple light into and out of the optrode does

cot appear to be a source of noise. This adapter will be used until a shortcoming is observed.
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Engineering is required so that the adapter will be versatile enough to be used on a number of
spectrophotometers. The first adaptation will be to the Guided Wave Inc. Optical Wave Guide
Speétrophotometer, since UAH has experience with this spectrophotometer in measuring optical
quantities related to fiber transmissions. Use of this spectrophotometer for comparing current
spectral data transmission over fiber with previous results, should quickly identify the sources of
problems. .

2. A Bolder Experimental Approach

FOCS development has necessarily used fibers and technology that have been
developed for the communication industry. Use of different types of fibers has been considered
under Section B.1. Investigation of the sensor at the distal end of the fiber, however, was
limited to capturing existing technology. New approaches to manufacturing the active parts of
the sensor are proposed. Normally the core has a slightly greater index of refraction then the
cladding. The chemical specificity is often derived from a chemical interaction with the
cladding. If experimentation is limited to claddings that match the currently available glass,
quartz, or plastic core materials, selection of claddings is limited. We propose to select the
appropriate cladding, and then make an appropriate core material. The core material may be a
single crystal, a specialty glass, or a powdered material compressed at high pressure until
optically transparent. The cladding will then be deposited by a tééﬁni&ué common to optical

technology, for examples, by evaporation, sputtering, or plating.

Historically, many chemistries have been proposed and reported in the literature
but few have actually worked properly. Unfortunately, the chemistries are so varied that it is
impossible to focus on a single cause or a few specific caixses for poor reproducibility. One of
the reasons that FOCS have not progressed faster is the wide variety between the chemistries so

that go commonality exists.
The data from the overhead transparencies used for the briefing related to this

report follow on the next page.
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TOMAS HIRSCHFELD

1939 - 1986
YEARS EMPHASIS PUBLICATIONS
1962 - 1968 ATTENUATED TOTAL 25
REFLECTION
1968 - 1975 RAMAN . FTIR 125
1975 - 1980 FLUORESCENCE MIXED 200
1980- 1986 FOCS 50
1982 - 1986 NIRA, ORRELATION ANALYSIS 300
OPTROD
PHYSICAL CHEMICAL
(FOCS)
Natural Induced
Fluorescence Fluorescence
Light Scattering Fluorescence
by Reaction
Absorption Refractive
Raman
Deformation
TYPES OF OPTRODES .
Single-Fiber T
Dual-Fiber
Lens
Reflection
Capillary
Self-Cleanihg
ATR
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—IXPES OF FOCS

Liquid Solid
Reservoin Porous Glass
Porous Glass (Absorbed) Immobolization

Polymers (Trapped)

Direct Application
Immobilization

(Glass & Polymers)

Surface Amplification

Coimmobilization

ORGANI ONS DOING OPTRODE R&D

Lawrence Livermore National Laboratory
ST&E

NIH

University of Tennessee

University of Alabama Huntsville
University of Washington

US Department of Agriculture

Indiana University

Standard OilR & D

Foxboro Company

Hughes Aircraft

The Dow Chemical Company

Hercules

E.l. Du Pont de Nemours & Company
Sperry Research Company

University of California at San Francisco
University of New Hampshire

Karl Franzens University

Cardiovascular Devices, Inc.

Kelsius, Inc.

Guided Wave, Inc.

Livermore, CA
Livermore, CA
Bethesda, MD
Knoxville, TN
Huntsville, AL
Seattle, WA
Beltsville, MD
Bloomington, IN
Cleveland, OH
Foxboro, MA

. - Los"Angeles, CA
Midland, MI
Wilmington, DE
Savanah River, CA
Sudbury, MA
San Francisco, CA
Durham, NH
Graz, Austria
Irvine, CA
San Carlos, CA
El Dorado Hills, CA
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ORGANIZATIONS WHICH MAY COMMERCIALIZE OPTRODE

ST&E, Inc. Livermore, CA
In-Situ, Inc. Larami, WY
Fibersens Albuquerque, NM
Cardiovascular Devices, Inc. Irvine, CA

Kelsius, Inc. San Carlos, CA
Guided Wave, Inc. El Dorado Hills, CA

ADVANTAGES OF FIBER SPECTROSCOPY

* Small Physical Size

* Geometric Flexibility

* Environmental Versatility

* Real Time Analyses

* Multiple Analyses

* Sample Integrity

* Instrument Reliability

* Analyte Specificity

* In-Vivo and In-Situ Analyses

s  EMI Insensitive

P -—
-

. -

FUTURE ENGINEERING REQUIREMENTS FOR FOCS

Achieve Ruggedness
Increases Lifetime
Provide Reproducibility Between FOCS
Control Pore Size of Membranes
Protect Against Contzi%ination
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APPENDIX B

MODELS

Models may be divided into three general types: (1) quantitative or analytic, (2)

qualitative, and (3) heuristic or empirical.
A.  QUANTITATIVE OR ANALYTICAL.

A quantitative mcdel consists of a mathematical representation of the dynamic features
of a system as a set of differential equations, or a description in terms of state variables obtained
from the knowledge of the fundamental physics and chemistry of the system. Stoichastic
techniques can be employed for systems with unpredictable behavior. Shown at the top of
Figure B-1 are four quantitative models: (1) Most individuals are familiar with the equation
representing an ideal gas. Data representing the state variables iemperature, pressure, volume
and mass can be correlated using the equation for an ideal gas. If any three of the properties are
known, the fourth can be calculated. For example, mass can be evaluated by measuring the
volume, temperature, and pressure of a sample of gas. (2) Beer's Law is the principal equation
used by spectroscopist. If the spectrum of each component of a mixture is known and the
compounds in the mixture do not react, then the percent of each component is calculated by a
manipulation of matricies. (3) Constructing a quantitative model for a system-for meéxsuring pH
using a glass electrode or a hydrogen electrode is straight forward: ;I‘he Nernst equation defines
the relationship between the electropotential and the activity of the hydrogen ion. The Nernst
equation also defines the change in potential with a change in temperature. Potential and current
relate to the flow of electrons in conductors and are adequately described by Ohms law. Many
successful pH meters have been developed and marketed using these equations to construct the
model. As demonstrated by these examples, model building is a useful technique used by many
scientists and engineers. This type of model is successful if the relationships are shown are linear
and the variables can be separated. A first order model can be quickly constructed and
instruments developed, manufactured and calibrated. A closely related technique of model
building is represented by the example taken from Diamond, William J., Practical Experimental
Designs. This example represents a synthesized linear model. It is assumed that the variables

are separatable. Each of the individual functions is obtained by planning experiments where
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only one variable is changed at a time, that particular variables is modeled, and then the entire

set of experiments is summed.

Quantitative of analytical models are sufficient for classical science and are particularly
important to demonstrating causality. Science and technology have advanced our abilities to
measure with greater precision, to see smaller objects, and to see objects at greater distance.
Many examples are found where the variables interact and are not linear or separatable. Pure
specimens of many of the chemicals in complex mixtures as found in nature are not available.

Therefore, other methods of modc! building must be considered.
B. QUALITATIVE.

For a qualitative model a system is represented in terms of its components. The casual
relationship beiween the components, corresponding to physical laws are emphasized.
Functional descriptions of the components are utilized to generate rules and constraints for the
entire system. This type of model can be demonstrated using the Ideal Gas Law. If the
temperature and pressure of a volume of gas was being monitored in a container of fixed volume
and a temperature rise is observed without an increase in pressure, as would be expected in a non
reacting system, a chemical reaction in which the number of molecules of gaseous product is less
than the number of molecules of gaseous reactants may be postulated. “THis would not be a valid
conclusion if a transducer malfunctions. The first rule therefore could be: if the above
condition is observed check for the malfunction of a transducer. This type of model is
frequently used for Al and expert system algorithms. Model of this type will be useful in
describing monitoring system where detecting and quantitating a change in an analyte is more
important than the base line composition. This type oF-model is less useful for modeling

diagnostic systems.

C. HEURISTIC OR EMPIRICAL.

The amount of information obtained from an univariate statistical analysis is limited. For
a single type of measurement on several samples, the samples can be represented on an axis or

number line representing all possible values of the measurement. With univariate statistical
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techniques, some information can be learned about the one-dimensional distribution of these
points. More information can be gained when the values of a separate measurement are known
for these samples. It is then possible to plot the points in a plane. As additional dimensions are

added, more information is available.

The human being is the best pattern recognizer in two dimensions, or sometimes three
dimensions. As additional types of measurements are made on the samples of a population, the
potential to gain information about the properties of the sample increases, but the human ability
to "see" patterns rapidly decreases. The computer; however, is able to manipulate points in
multidimensional space, perform operation on them, and recognize the patterns in the higher
order space. Cluster analysis and pattern recognition algorithms are designed to model systems
and determine or predict properties of systems that are not themselves directly measurable but
are related to measurements on the systems and give information that is sought. The pattern
recognition approach is oriented to discover hidden relationships and to develop accurate and
useful prediction and classification models for aspects (properties of categories) that are difficult
or impossible to measure, using features or variable that are easy and inexpensive to measure
and a training set of knowns. As each individual has a characteristic fingerprint, each
instrument, each transducer, and each sample has a characteristic data vector. If the data vectors
for two instruments are the same, the instruments are identical. If the data are different for
identical samples by several operators then the instruments or opefaic;rs are responsible. If the
data vectors are not identical, they can often be separated into two or more vectors that can be
identified. This type of modeling is particularly useful for evaluating data taken using several
instruments and several operators to identify malfunctioning instruments and/or unqualified

technicians. .

Empirical models have been used beneficially for near-infrared analyses (NIRA). Data
vectors (spectra) are taken for samples of known composition. An empirical model is
established, based on the variance covariance matrix. The content of unknown sampies can then
be quantitated (predicted). These models have been used extensively for analyses of
agricultural products,drugs, and textiles.
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Relationship between error of prediction and complexity of the calibration are shown on
Figure B-2. As indicated, if only one observable is used, the error of prediction caused by
interferants is high. As longer data vectors are used the error of prediction decreases. An
example from spectroscopy is the use of a single wavelength and Beer's law vs the entire
spectrum and Beer's law. When a factor analysis approach is used, the use of too many factors

results in including noise in the data. The training set must match the experimental conditions.

i
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APPENDIX C

SPECIFICATIONS OF SPECTROPHOTOMETERS
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APPENDIX C

SPECIFICATIONS FOR SPECTROPHOTOMETERS

One classification for spectrophotometers is related to the hardliLg of the reference
spectrum. A single beam spectrophotometer requires that the reference spea » 1 be taken and
.stored. A double beam spectrophotometer has parallel light paths aud zlternates readings
between the reference and the sample. There are advantages and discdvantages for each method.
The Guided Wave, Inc. Model 200 used for most of the work des .ribed ic € is «eport is a single
beam instrument. The Model 300 is a double beam instrument. Bcth of -2« uided Wave, Inc.
instruments are optimized to the characteristics of light transmission ov.  der cables. These
spectrophotometers gave better signal/noise ratio than was reported iz ¢ literature for other

spectrophotometer designs.

A. SINGLE BEAM SPECTROPHOTOMETER

A portable scanning spectrometer employing an optical fiber link between the
sample and the spectrophotometer is required. A selection of gratings and detectors are required
to allow use of the spectrometer as a UV-VIS-NIR instrument over the range of 190 nanometers
to 2200 nanometers. Kinematic mounts of detectors and gratings are required so that gratings

and detectors may be readily interchanged and calibrated in the field. Operating characteristics

include:

1. Distance between spectral points and number of readings averaged to be software

adjustable.
2. Record 2000 points in a single scan in 30 seconds or less.

3. Spectrometer bandwidth selectable from 2 - 16 nanometers by changing entrance

and exit slits.

4. Signal-to-poise of 50 microabsorbance units (RMS) or better at zero absorbance

units through 2 meters of single strand optical fiber (core diameter 500 micrometers

or less).

107




S. Industry standard SMA 905 connectors provided for optical cable connections.
6. IBM-PC compatible interface and softwzre drivers.

7. Software to collect and display spectra and store spectra to disk.

B. DOUBLE BEAM SPECTROPHOTOMETER

A scanning spectrometer employing reference and sample optical links is

required. Capabilities to include:

1. Record spectra between 700 nanometers and 1900 nanometers in a single scan in

10 seconds or less.
2. Spectrometer bandwith not greater than 16 nanometers.

3. Signal-to-noise of 20 microabsorbance units or better at zero absorbance utits

through 2 meters of single strand optical fiber, core diameter S00 micrometers or

less.
4. 1BM-PC compatible interface and software drivers.

5. IBM-PC data terminal capable of being located at least 1 kilometer from the

spectrophotometer.

6. Industry standard SMA 905 ccnnectors provided for optical fiber connections.
7. Software to collect and display spectra and store spectra to disk.

8. Software with macro language allowing automated operation including

customized data collection on, reduction, and display.
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This BIBLIOGRAPHY is a computer dump of the askSam file METHOD. The
following field names were used: AU, TI, JR, VO, IS, PG and YR. If the information for any
of these fields was not available to the Word Processor AAU, ATI, AVO, AJR, AIS, APG or
AYR was entered.

Searches for the unavailable information was made if the material was pertinent to this

contract.
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